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ABSTRACT
The interest of unconventional techniques for nanofabrication has grown exponen-
tially in recent years due to demanding requirements in micro/nanoscale structures
for photonics, microfluidics, biotechnology, and flexible electronics. Soft lithographic
methods use elastomeric stamps, molds and conformable photomasks as patterning
elements to provide capabilities that are unavailable with conventional techniques:
patterning at molecular scale resolution (∼1 nm); ability to form three-dimensional
(3D) structure directly, in a single step; experimental simplicity and applicability
to large areas. This dissertation explores new materials for the soft molds in order
to enhance the resolution and application of soft lithographic methods. A commer-
cially available perfluoropolyethylene (a-PFPE) and a synthesized material based
on poly[(3-mercaptopropyl) methylsiloxane] (PMMS) are used in a variety of soft
lithographic techniques for high fidelity and high resolution patterning. As an ap-
plication example, I describe a class of quasi-3D plasmonic crystals for biosensing
as well as surface-enhanced Raman scattering, with the connection to theoretical
results obtained from rigorous electrodynamics simulations.
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CHAPTER 1
INTRODUCTION
Tools for nano-fabrication play an important role in every field of nanoscience and
nanotechnology. In some areas, the fabrication processes involve using or modifying
conventional tools which have been used in micro-electronics such as photolithog-
raphy, or electron-beam lithography. Those conventional tools, however, observe
some critical challenges: (i) the equipment setup is high in cost; (ii) the fabrica-
tion is mostly limited to two dimensional; (iii) the materials set is narrow; (iv)
ultra-flat substrates are required; and (v) high resolution is challenging. More-
over, in many areas such as photonics, microfluidics, biotechnology, or flexible elec-
tronics, new fabrication approaches are required in order to offer new capabilities.
Those unconventional methods with low cost operation and high throughputs will
enable the manipulation of unusual materials (nanowires, nanotubes, nanoribbons,
or nanomembranes), and offer challenging feature sizes and structure geometries
(curved surfaces, or flexible, bendable, foldable, and stretchable substrates). Soft
lithographic methods that use elastomeric molds, stamps, or photomasks as the
patterning elements have gained a lot of attractions during the last two decades.
Elastomeric molds or stamps are the key component in soft lithography. The most
commonly used materials for the soft molds is poly(dimethylsiloxane) (PDMS) with
some attractive properties such as low surface energy, low Young’s modulus, flexi-
bility, transparency in UV/Vis, and low cost. However, PDMS has its own disad-
vantages for high resolution and high fidelity patterning. The biggest problem of
PDMS is its low Young modulus that causes it to have unwanted deformation like
collapse, buckling, or merging of relief patterns.
The overall theme of my research is to explore materials for soft lithographic tech-
niques that allow high resolution and high fidelity patterning as well as enable large
area replication with high uniformity and to use the patterned structures in biolog-
ical and chemical sensing and detection. In particular, one of the goals of my thesis
research is to study an commercially available perfluoropolyether as well as a syn-
thesized thiol-ene. The second goal is to fabricate and study theoretically refractive
index sensors based on molded plasmonic crystals. The third goal is to apply the
substrates for surface-enhanced Raman scattering.
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Construction of thesis
Chapter 2 reviews some theoretical backgrounds of soft lithographic techniques,
plasmonic sensing, and surface enhanced Raman scattering.
Chapter 3 presents the performance of a commercially available perfluoropolyether
for high resolution and high fidelity soft lithography. Various soft lithographic tech-
niques are used in comparison with a more widely used material, high modulus
PDMS.
Chapter 4 reports the performance and characterization of a material based on
poly[(3-mercaptopropyl)methylsiloxane] (PMMS) in various soft lithography appli-
cations.
Chapter 5 describes a new type of plasmonic crystal consisting of arrays of nanoposts.
This plasmonic crystal shows a higher analytical sensitivity in the visible range than
the nanowell plasmonic crystal and full 3D FDTD simulations give insight into the
sensitivity enhancement in the systems.
Chapter 6 focuses on the study and optimization of the bulk refractive index (RI)
sensitive transmission of the type of 3D-plasmonic crystal. 3D finite-difference time-
domain (FDTD) simulations were used to investigate the effect of system parameters
such as periodicity, well diameter, depth and metal thickness on the plasmonic crys-
tal sensitivity.
Chapter 7 presents experimental results and calculations of a study to use nanowell
plasmonic crystal for surface enhanced Raman scattering.
Chapter 8 describes preliminary results of the study of the resonator configuration
for surface-enhanced Raman scattering that consists of a flat gold mirror at the
bottom to couple with a plasmonic crystal.
Chapter 9 represents preliminary results on a molded plasmonic crystals based on
a bio-active and bio-compatible silk protein.
Chapter 10 describes preliminary results of the study on controlling and reducing
background residue for molded polymer waveguides.
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CHAPTER 2
BACKGROUND AND EXPERIMENTAL METHODS
2.1 Fundamentals on Soft Lithography
2.1.1 Overview
Soft lithography is a collection of techniques that use ”soft” elastomeric stamps,
molds or conformable photomasks as patterning elements. A soft lithographic pro-
cess can be divided into two parts: fabrication of the elastomeric elements and use
of the elements for patterning. Figure 2.1 schematically illustrates the process for
fabricating the elastomeric elements. The fabrication involves casting and curing
an elastomer against a pre-patterned master. The master usually contains a thin
layer of photoresist patterned on a Si wafer by photolithography. The surface of the
master is often treated with a material with low surface energy such as a fluorinated
silane in order to ensure clean and easy release of the mold. After peeling, the
master can be used many times for other cycles and each of the resulted elastomeric
elements can be used many times in patterning [1].
The features of soft lithographic techniques, including feature resolution and large
area applicability are determined by the properties of the materials used for the
molds or stamps [2]. Recent studies have shown that with optimized materials and
chemistries, nanoscale resolution can be obtained with soft imprint lithography us-
ing a soft mold generated from a single-walled carbon nanotubes template [3–5].
Surface energy, Young’s modulus, transparency to light, and compliance or flexibil-
ity are among the most important properties. For example, low surface energy is
generally desired for the mold material to be released cleanly and easily from the
patterned master. Transparency to light enables fabrication using ultraviolet (UV)
light. The resolution or the smallest feature size that can be patterned largely de-
pends on the the rigidity or Young’s modulus (E) of the mold. The more rigid the
mold is (i.e. the higher the Young’s modulus), the better the resolution. However,
when the rigidity of the mold increases, its flexibility or compliance the a substrate
surface decreases and reducing its large area applicability. Other properties such as
thermal expansion, solvent and chemical resistance are also of interest when choos-
ing a material for molds and stamps. This section reviews materials for molds and
stamps in soft lithography.
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Figure 2.1: Schematic illustration of the procedure for fabricating ’soft’ elements for soft
lithography
2.1.2 Materials for Molds and Stamps
The most commonly used material for soft molds is poly(dimethylsiloxane) (PDMS)
from Sylgard 184 (Dow Corning) which is normally referred to as soft PDMS (s-
PDMS). s-PDMS molds are fabricated by casing a mixture of a prepolymer and
cross-linker at a recommended ratio of 10:1 and curing at 60 oC in 2-4 h. Figure
2.2 shows the chemistry of PDMS as well as the cross-linking reaction [3] in the
presence of platinum-based catalyst.
s-PDMS is attractive to soft lithography because of its characteristics and physical
properties [2]. It has relatively low surface energy (∼25 mN m−1) and it is trans-
parent to UV and visible lights. It is flexible with low Young’s modulus (∼2 MPa)
allowing it to have good conformal contact with underneath surfaces. Moreover, it
comes with low cost which allows the applicability in various research areas.
However, s-PDMS also has some disadvantages which do not allow it to be used
for very high resolution and high fidelity patterning. For example, its thermal ex-
4
Figure 2.2: Chemistry of poly(dimethylsiloxane) (PDMS)
pansion coefficient is relatively high at 310 µm (m oC)−1 causing a linear shrinkage
(∼1.5%) of the patterns after the thermal curing [6]. Moreover, s-PDMS has poor
solvent resistance and tends to swell in various organic solvents such as acetone,
benzene, and toluene [7]. One of the biggest disadvantages of s-PDMS is its low
Young’s modulus that leads to unwanted deformations such as collapse, buckling
and merging [8–10]. Figure 2.3 shows common types of deformation of a soft mold
under an external strain (σ). The deformation includes roof collapse, buckling, lat-
eral collapse (or merging), smooth surface asperities (or conformity) and rounded
edge (caused by surface tension of mold material) [9]. Roof collapse, buckling, and
lateral collapse can be avoided by increasing Young’s modulus. Therefore, the key
for high resolution and fidelity soft lithographic patterning is to use a mold with a
higher Young’s modulus. However, the conformity or the ability to have conformal
contact with the underneath surface decreases when Young’s modulus increases [2].
Moreover, roof collapse is less likely to occur for patterns with higher aspect ratio.
On the other hand, buckling and lateral collapse is more likely to occur if the aspect
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ratio is higher. Surface energy is also another important parameter for the material
of the mold. Smaller surface energy reduces rounded edge deformation of the mold
as well as allows the mold to be released cleanly and easily from other surfaces.
Figure 2.3: Common deformation of a soft mold. (Adapted with permission from [9].
Copyright 2002 American Chemical Society.)
There have been attempts to use materials with higher Young’s modulus for soft
molds in order to archive high resolution patterning. One example is to use an
alternative formulation of PDMS with Young’s modulus of ∼9 MPa, known as hard
PDMS (h-PDMS) by introducing short cross-linkers into PDMS mixture [6]. Be-
cause of the brittleness of h-PDMS, it is normally used in a composite mold which
contains a thin layer of h-PDMS supported by a thick layer of normal PDMS (s-
PDMS) [8]. This composite design combines both the advantages of a more rigid
layer and a more flexible support in order to archive high resolution patterning
and to facilitate handling as well as conformal contact with underneath surfaces.
Nanoscale resolution has been shown with those composite stamps in soft imprint
lithography [3, 4]. One disadvantage of the h-PDMS composite stamp is the differ-
ence in thermal expansion coefficients of h-PDMS and s-PDMS causing deformation
of the stamp upon cooling. Also, both s-PDMS and h-PDMS contain low molecular
weight components (non-crosslinked and/or volatile) that cause the contamination
to other surfaces during printing and molding processes [11–13].
Perluoropolyethers have also been used for high resolution soft lithography. One
example is the photocurable perfluoropolyethers with modulus of ∼4 MPa, low sur-
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face energy (∼12 mN m−1) and excellent solvent and chemical resistance [14, 15].
However, the materials have limited use because it is not commercially available.
Another form of perfluoropolyethers that is commercially available and known as
a-PFPE has been reported for high resolution and high fidelity patterning [5]. The
a-PFPE mold made from a photocurable fluorinated acryloxy oligomer (CN 4000,
Sartomer Co.) has higher Young’s modulus of ∼10.5 MPa, relatively low surface
energy (∼18.5 mN m−1) as well as chemical inertness. Figure 2.4 shows the compo-
nents of the mixture for a-PFPE. The properties of a-PFPE eliminate the necessity
of treating the surface of the master with fluorinated silanes. Due to its brittleness,
a-PFPE is also used in a composite design with a thin layer of a-PFPE supported
with either a thin layer of s-PDMS or a thin sheet of poly(ethylene terephtalate)
(PET). The details about a-PFPE and its use for various soft lithographic processes
is discussed in Chapter 3.
Figure 2.4: Components of a-PFPE
Apart from soft molds, rigiflex molds with Young’s modulus between several tens of
MPa and a few GPa have been introduced for patterning. These molds in thin film
form is rigid enough for high resolution patterning and flexible enough for conformal
contact with a surface [2]. For example, molds made with a thin layer UV curable
poly(urethane acrylate) (PUA) and a backing layer of polyurethane elastomer or
soft epoxy resin [16, 17] have Young modulus of 100-400 MPa, relatively low surface
energy (23 mN m−1) and yet inertness to chemicals and solvents. Another type of
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rigiflex mold is based on amorphous Teflon with high Young modulus of 1.6 GPa
and low surface energy of 15.6 mN m−1. The amorphous Teflon molds are also inert
to almost all chemicals [18, 19].
2.2 Surface Plasmons and Sensing
Surface plasmons (SPs) are coherent oscillations of conduction electrons excited by
electro-magnetic radiation at a metal-dielectric interface [20, 21]. Since the oscil-
lations are on the boundary of the metal and the external medium, they are very
sensitive to any change of the boundary, such as the adsorption of molecules to the
metal surface. The research in plasmonics which is involved light-metal interactions
has attracted much interest due to its wide range of potential applications - biosen-
sors, solar cells, drug design, medical diagnostics and many more [22–25]. The ready
availability in nanofabrication methods, the wealth of high-sensitivity optical char-
acterization techniques, as well as the rapid advance in powerful numerical modeling
tools are the basic elements for the development in the research in plasmonics, es-
pecially for chemical and biological sensing [20, 24]. Surface plasmon resonances
(SPRs) used in surface-based sensing are divided into two types: propagating sur-
face plasmon poratitons (SPPs) and nonpropagating localized SPRs (LSPRs).
2.2.1 Surface Plasmon Polaritons (SPPs)
Surface plasmon polaritons are electromagnetic excitations propagating at the in-
terface between a dielectric and a metal, evanescently confined in the perpendicular
direction [21]. The metal’s conducting electrons oscillate along the interface creating
a variation in charge density as shown in figure 2.5 (a) [26, 27]. These longitudinal
surface charge oscillations create an electric field perpendicular to the interface that
decays exponentially with distance from the surface, i.e. to be ”evanescent” (Fig-
ure 2.5 (b)). The decay length in the dielectric medium, δd, is close to half of the
wavelength of light; and the decay length into the metal, δm, is equal to the skin
depth to which electromagnetic radiation can penetrate the metal surface [28]. For
example, gold has δm = 31 nm for λ = 600 nm.
Solving Maxwell’s equations with appropriate boundary conditions for the metal-
dielectric interface, the momentum of the surface plasmon (k) is shown in equation
2.1 in the relation with the angular frequency ω of the charge oscillations is related
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Figure 2.5: (a) Schematic illustration of the surface plasmon polariton at the interface be-
tween a metal and a dielectric; (b) Electric field distribution perpendicular to the surface.
(Reprinted by permission from Macmillan Publishers Ltd: Nature [26], copyright 2003.)
to the wave vector kSPP [21, 29].
kSPP =
ω
c
√
md
(m + d)
= k0
√
md
(m + d)
(2.1)
in which, m(m = 
′
m + i
′′
m) and d are the dielectric constants of the metal and
dielectric, respectively. The requirement for a propagating mode, with m negative,
is that |m| > d and it only exists for transverse magnetic mode (TM) polarization.
The SPP dispersion relation, ω(k) plotted in Figure 2.6 shows that for small wave
vectors the plasmon is close to that of the light line, but always to the right hand
side and has higher momentum, or ”non-radiative”. For larger wave vectors, the
SPP dispersion curve tends towards a maximum value of ωp/
√
2, where ωp is the
plasma frequency, and therefore the SPP frequency becomes independent of wave
vector.
Since the wavenumber of SPPs is larger than that of the light wave, SPPs can not
be excited by light incident onto a smooth metal surface. In order for SPPs to be
radiative, its dispersion curve has to intersect with that of the light. The coupling
between light and a surface plasmon can be accomplished with a coupling device
(coupler). The most common couplers used in SPR sensors include a prism coupler
and a grating coupler [24, 26, 30]. In the prism coupling method, the most common
configuration is the Krestchmann method, in which a thin metal film is evaporated
on top of a glass prism (Figure 2.7 (A)) [21, 24]. The light is then totally reflected at
the base of the prism, generating an evanescent wave penetrating the metal film and
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Figure 2.6: Dispersion relation for a surface plasmon. Light light represents dispersion for
light in a vacuum (ω = ck0).
exciting SPPs at the metal/air interface. However, sensors using this configuration
have disadvantages due to their cumbersomeness and high cost of the optical setup,
and limited throughput [31, 32].
Coupling light to a SPP can also be done with a grating [24, 33, 34] as shown in
Figure 2.7 (B). Diffraction of light by a metallic grating cause a increase in the
outgoing wave as shown in equation 2.2, making it to be matched and coupled with
SPPs.
kSPP = k0 ± iGx ± jGy (2.2)
where k0 is the wave vector of the light incident at polar angle θ; Gx and Gy are
Bragg vector associated with the periodicity of the array; and i and j are integers
indicating the order of scatting event that couples the incident light and a SPP
mode with kSPP. Plasmonic crystals based on sub-wavelength hole arrays has been
attracted growing interest for SPR sensors due to the extraordinary optical trans-
mission through the systems [35–37]. Many of the nanostructured films have been
fabricated by expensive, low throughput and limited area methods such as electron
beam lithography, projection mode lithography, or focus ion beam. An alternative
and successful route to fabricate highly uniform nanostructured plasmonic crystals
is to use soft lithography with soft imprint lithography [31, 32, 38]. In this process,
a soft mold based on poly(dimethyl siloxane) (PDMS) is cast and cured against a
silicon master with square arrays of sub-wavelength holes. Sub-wavelength hole pat-
terns are then molded onto a photocurable polymer and coated with gold either by
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Figure 2.7: Coupling light to a surface plasmon polariton via (A) prism coupler, and (B)
grating coupler.
electron-beam evaporation or sputtering deposition. High quality of the fabricated
plasmonic crystals also supports calculation and simulation of the systems in order
to reveal theoretical understandings for their optical responses [31].
2.2.2 Localized SPRs
Localized surface plasmon resonances (LSPRs) are nonpropagating plasmon excita-
tions from metal nanoparticles or around nanoholes in thin metal films. Figure 2.8
shows an illustration of a LSPR from a metal sphere when the incident photon fre-
quency is resonant with the collective oscillation of the conduction electrons confined
in the volume of the nanoparticles [27, 39]. The spectral position and magnitude
of LSPR depends on the size, shape, composition, and local dielectric environment
11
[39–42].
Figure 2.8: Schematic illustration of a LSPR of a metal sphere showing the displacement of
the electron cloud relative to the nuclei. (Reprinted with permission from [39]. Copyright
2003 American Chemical Society.)
A dipolar LSPR is the simplest type of LSPR where the particle diameter (d) is
much smaller than the wavelength of the incident light (λ) [20]. The plane-wave
excitation cause the conduction electrons to move, building up polarization charges
on the particle surfaces. The polarization charges form a restoring force, allowing a
resonance to occur at a specific frequency (the particle dipole plasmon frequency. For
spherical particles, a resonantly enhanced field building up inside the nanoparticle is
homogeneous throughout its volume, while a dipolar field is produced outside. This
leads to the appearance of intense absorption bands and the enhancement of the
near-field in the immediate vicinity of the particle surface. The bandwidth, peak
height, and position of the absorption maximum depends on the particle material,
size, and geometry (Figure 2.9) as well as the dielectric function of the surrounding
environment [43, 44].
Classical Mie theory obtains analytical solutions for Maxwell’s equations for a spher-
ical particle, assuming the particle and the surrounding medium are homogeneous
[21]. In the long wavelength, the extinction E(λ), i.e. the sum of absorption and
scattering cross sections, of a spheroid metallic nanoparticles is given by [46]
E(λ) ∝
[
i
(r + χmed)2 + 2i
]
(2.3)
where med is the dielectric constant of the surrounding medium, λ is the excitation
wavelength, χ is a form factor that describes the nanoparticle aspect ratio (χ = 2
for a sphere and increases directly with the aspect ratio of the nanoparticle), and
r and i are the real and imaginary parts of the dielectric function of the metallic
nanoparticle, respectively.
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Figure 2.9: (a) Dark-field microscopy image and corresponding SEM images and (b) light
scattering spectra of Au nanocrystals of different shapes. (Reprinted with permission from
[45]. Copyright 2003, American Institute of Physics.)
For non-spherical particles, the surface plasmons are unevenly distributed around
them. For larger metallic particles beyond the Rayleigh approximation (d>30 nm),
the dipolar resonance red shifts with increasing particle size and suffer a substantial
broadening. When the particle size increases, the distance between the charges at
opposite interfaces of the particle increases, thus leading to a smaller depolariza-
tion field and restoring force which lowers the resonance frequency and causes the
red shift. Radiative losses start to contribute significantly to the plasmon damping
which causes the broadening of the resonance peak.
LSPRs can also be excited around nanoscale holes in thin metal films that are re-
lated to the diffraction properties of particles to holes [47, 48]. In addition to the
possibility of exciting LSPRs, the holes can excite SPP waves in the thin film [49, 50].
2.2.3 SPR Sensors
SPR sensors are generally refractometers that measure changes in the refractive
index occurring at the surface of a metal supporting a surface plasmon [24]. A
change in the refractive index such as in the binding event of a chemical onto the
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metal surface gives rise to a change in the propagation constant of the surface plas-
mon and alters the characteristics of the light wave coupled to the surface plasmon
(e.g., coupling angle, coupling wavelength, intensity, phase). SPR sensors based on
nanostructured metal films have enabled label-free biological and chemical detection
[20, 24, 25]. Figure 2.10 shows SEM images of a SPR sensor consisting of periodic
arrays of sub-wavelength holes on a patterned gold film by using soft imprint lithog-
raphy [31, 38]. Here soft lithography is used to fabricate high uniform crystals in
large area. In normal incidence transmission mode, the sensors exhibit strong spa-
tial and wavelength intensity modulations with absorptive, diffractive and plasmonic
effects. Optical responses from the sensors associate with (i) LSPRs on the rims of
the nanoholes in the upper gold film and in lower gold disks; (ii) Bloch wave surface
polaritons (BW-SPPs) which are the standing waves corresponding to the coherent
superposition of propagating SPPs; and (iii) Wood’s anomalies (WAs) which involve
diffracted light propagating parallel to the surface. For example, equation 2.4 shows
an approximate relation for the allowed wavelengths of a BW-SPP in the system
[31, 51].
Figure 2.10: Scanning electron micrograph (SEM) of a molded plasmonic crystal con-
sisting of square arrays of nanoholes in gold film fabricated with soft imprint lithogra-
phy. (Adapted with permission from [31]. Copyright 2006 National Academy of Sciences,
U.S.A.)
λSPP (n,m) =
P√
n2 +m2
√
md
(m + d)
(2.4)
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where P is the nanohole lattice spacing, m and d are relative dielectric constants
of gold and the dielectric in contact, respectively. The solutions for equation 2.4 for
all possible integer values of n and m (excluding n = m =0) yield the discrete zero-
order wavelengths of BW-SPPs. The LSPRs, BW-SPPs, and WAs can overlap and
couple with one another to produce complex transmission spectra which are sen-
sitive to the nanostructures as well as the properties of the surrounding environment.
2.3 Surface Enhanced Raman Scattering
Another means of utilizing surface plasmons in sensors is through the enhanced
electric field produced at the metal surface which is applied in surface enhanced Ra-
man spectroscopy, or surface enhanced Raman scattering, often abbreviated SERS.
In Raman spectroscopy, a vibrational mode of an illuminated molecule causes an
difference in energy between an incident and a scattered photon which provides a
”fingerprint” of the material [52–54]. Even though Raman spectroscopy is a pow-
erful method for chemical detection, it has limited use due to the very small cross
section of Raman scattering [55]. Many efforts have been made to enhance the Ra-
man scattering light from molecules since the observation by M. Fleischman et al.
in 1974 [56] and discovery of SERS by Jeanmarie and Van Duyne [57] and Albrecht
and Creighton [58] in 1977. Enhancement factors up to 1014 have been reported [59].
The simplest and earliest SERS substrates used roughened metal films [56]. More
recent works utilize nanostructures including metal nanoparticles and nanowires
[60, 61], nanoholes [62, 63] and nanovoids [64] in metal films, and more complex
structures [65].
2.3.1 The Raman Effect
The Raman effect, or Raman scattering, named after its discoverer Sir S.V. Raman,
is the inelastic scattering of a photon [66]. When light is scattered from an atom
or a molecule, most photons are elastically scattered (Rayleigh scattering) and the
scattered photons have the same energy and wavelength as the incident photons
but with random directions. A small portion of the scattered light (Raman scat-
tering) can lose or gain energy to the molecule’s internal vibrational levels, known
as Strokes or anti-Strokes transitions, respectively. Figure 2.11 shows a schematic
representation of the associated energy levels involved in the scattering processes
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[67]. At room temperature, most molecules are present in the lowest energy vibra-
tional level (m) while some molecules may be present in an excited state (n) due
to thermal energy. The virtual states of the molecule are not real states but are
created when the laser interacts with the electrons leading to polarization. The
energy of the virtual states is determined by the frequency of the light source used.
Most photons scatter in Rayleigh process which does not involve any energy change
and consequently the light returns to the same energy state. The Raman scatter-
ing process, called Strokes scatter, from the ground vibrational state m leads to an
absorption of energy by the molecule and its promotion to a higher energy excited
vibrational state (n). Scattering from an excited state (n) to the ground state m is
called anti-Strokes scattering and involves transfer of energy to the scattered photon.
Compared to Strokes scattering, anti-Stokes scattering is weak and becomes weaker
as the frequency of the the vibration increases, due to the decreased population of
the excited vibrational states [67]. Similarly, anti-Strokes scattering increases rela-
tively to Strokes scattering as the temperature rises. Raman scattering generates a
Stokes line on the red side and an anti-Strokes line on the blue side of the incident
spectrum.
Figure 2.11: Diagram of the Rayleigh and Raman scattering processes. The lowest energy
vibrational state m is shown at the foot with states of increasing energy above it.
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2.3.2 Surface Enhanced Raman Scattering
SERS was initially observed in 1974 by Fleischman et al. [56] showing strong Raman
scattering from pyridine absorbed onto a silver electrode roughened by means of suc-
cessive oxidation-reduction cycles. They attributed the effect to a large increase in
the electrode surface area caused by the roughening process that allow more pyri-
dine to be absorbed onto the surface. However, it was Jeanmarie and Van Duyne
[57], and Albrecht and Creighton [58] in 1977 who pointed that the intensity was
due to more than the increase in surface area. Jeanmarie and Vanduyne proposed
a charge-transfer effect, while Albrecht and Creighton proposed an electromagnetic
effect.
SERS intensities are strongest from metal surfaces with some form of roughness
which can be made by colloidal suspensions, electroplating, and thin film deposi-
tions. Silver has been demonstrated to be particularly good substrate for SERS,
while other metals such as gold, copper, lithium, and sodium are also effective [67].
While there have been many experiments performed in order to prove the existence
of SERS, the exact mechanism of the enhancement effect is still not fully understood.
There are two primary theories of surface enhancement currently used [52, 68–71].
The electromagnetic theory is based on the excitation of localized surface plasmons,
while the chemical theory relies on the formation of charge-transfer complexes be-
tween the metal and the absorbed molecule.
Electromagnetic Enhancement
When an electromagnetic wave interacts with the metal surface, the fields at the
surface are different than those observed in the far field. The SERS effect can be
attributed by a four step process : (1) Incident light excites the surface plasmon
at the metal surface; (2) The electric field associated with the surface plasmon
will polarize molecules absorbed onto the surface; (3) Polarized molecules scatter
surface plasmon to Stokes and anti-Stokes frequencies; and finally (4) The surface
plasmon couples into an outgoing Raman scattered photon. The SERS is strongest
when both excitation and scattered fields are in resonance with the surface plasmon
[71, 72].
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Chemical Enhancement
Charge transfer or chemical enhancement involves the formation of a bond between
the analyte and the metal surface that allows charge transfer from the metal to
the analyte [67]. The formation of the surface species will increase the molecular
polarizability of the molecule due to the interaction with the metal electrons. The
new electronic states arisen from the bond formation serve as resonant immediates
in the Raman scattering.
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CHAPTER 3
HIGH FIDELITY AND HIGH RESOLUTION SOFT
LITHOGRAPHY WITH PERFLUOROPOLYETHERS
This chapter was published as “Soft lithography using acryloxy perfluoropolyether
composite stamps”. Reproduced with permission from Truong, T. T.; Lin, R.
S.; Jeon, S.; Lee, H. H.; Maria, J.; Gaur, A.; Hua, F.; Meinel, I.; Rogers, J. A.
Langmuir, 23(5), 2898-2905 (2007). Copyright 2007, American Chemical Society.
Soft lithography using acryloxy perfluoropolyether composite stamps
This paper describes composite patterning elements that use a commercially avail-
able acryloxy perfluoropolyether (a-PFPE) in various soft lithographic techniques,
including microcontact printing, nanotransfer printing, phase-shift optical lithogra-
phy, proximity field nanopatterning, molecular scale soft nanoimprinting, and sol-
vent assisted micromolding. The a-PFPE material, which is similar to a methacry-
loxy PFPE (PFPE-DMA) reported recently, offers a combination of high modulus
(10.5 MPa), low surface energy (18.5 mN m−1), chemical inertness, and resistance
to solvent induced swelling that make it useful for producing high fidelity patterns
with these soft lithographic methods. The results are comparable to, and in some
cases even better than, those obtained with the more widely explored material, high
modulus poly(dimethylsiloxane) (h-PDMS).
3.1 Introduction
Soft lithographic methods comprise a collection of techniques that use soft elas-
tomeric stamps, molds, and conformable photomasks as patterning elements. These
methods have been applied, mostly in research applications, in areas ranging from
photonics and biotechnology to microfluidics and electronics. They are of interest
due to their ease of use, flexible patterning capabilities, experimental simplicity,
and, in development work for realistic applications, their potential to be low in cost
[1]. Although a variety of materials, including polycarbonate resins [2], cross-linked
novolak based epoxy resins [3], fluoropolymer materials (such as Dupont Teflon
AF 2400: a copolymer of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) and
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tetrafluoroethylene (TFE) [4, 5], α-,ω-methacryloxy functionalized PFPE (PFPE-
DMA) [6] etc. have been used, poly(dimethylsiloxane) (PDMS) represents the most
popular choice. PDMS is attractive because (i) its flexible backbone enables accu-
rate replication of relief shapes in the fabrication of the patterning elements, (ii) its
low Young’s modulus and low surface energy enable conformal contact with surfaces
without applied pressure [7–9] and nondestructive release from patterned structures,
(iii) its high degree of physical toughness and high elongation at break (>150%)
lead to robust and rugged patterning elements, and (iv) its commercial availability
in bulk quantities at low cost facilitates development work. PDMS elements are
easily fabricated and are capable of patterning both flat and curved surfaces [10],
two-dimensional as well as three-dimensional structures [11–13], and with resolution
that approaches the molecular limit [14]. One of the most commonly used PDMS
formulations (Sylgard 184, Dow Corning) has, however, some disadvantages: (i) its
low modulus (1.5 MPa) [6] limits the fabrication of features with high aspect ratios
due to collapse, merging, and buckling of the structures of relief [7, 15, 16], (ii)
its surface energy (25 mN m−1) is not low enough for high fidelity, nondestructive
fabrication in certain cases [6], (iii) its poor solvent resistance causes the PDMS to
swell when exposed to most organic solvents, (iv) its high thermal expansion co-
efficient (260 µm m−1 oC−1) and thermal curing process can lead to deformations
and distortions during the fabrication or use of the patterning elements, and (v) it
is not easy to pattern structures in PDMS by means other than casting and curing
against structures of relief.
Several variants of PDMS have been made to improve the resolution and fidelity in
soft lithography. For example, Michel et al. developed a PDMS (known as hard
PDMS or h-PDMS) with a modulus of 9 MPa that uses short cross-linkers [17].
Although this material is brittle, it can be used effectively in composite stamps
that consist of a thin layer of h-PDMS with a thick backing layer of the Sylgard
184 material (known as soft PDMS or s-PDMS) [16]. Another photocurable version
of PDMS (hν-PDMS, with a modulus of 4 MPa) uses rigid urethane methacrylate
cross-linkers [18, 19]. The ability to photocure this material (and, therefore, to pho-
topattern it) is attractive because such a process avoids distortions that can occur
during thermal curing based approaches to fabricating the patterning elements. The
photopatterning possibility also provides unconventional routes to forming these el-
ements, in ways that can complement the standard casting and curing approach.
DeSimone et al. recently reported the use of photocurable perfluoropolyethers (PF-
PEs) for microfluidic devices and a type of imprint lithography [6, 20, 21]. The
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reported PFPE, α-,ω-methacryloxy functionalized PFPE (PFPE-DMA), contains
two methacryloxy ending groups (CH2=C(CH3)COO-) on the fluorinated polyether
backbone [6]. The fluoropolymer, which is liquid at room temperature, can be cross-
linked under ultraviolet (UV) light to yield elastomers with an extremely low surface
energy (12 mN m−1). The reported PFPE has a modulus of 4 MPa [6], which is
comparatively larger than s-PDMS, similar to the previously reported hν-PDMS,
and somewhat less than h-PDMS. A major advantage of PFPE based materials is
that they are solvent resistant and chemically robust and therefore swell much less
significantly than PDMS when exposed to most organic compounds. This char-
acteristic expands the range of materials that can be patterned effectively. Also,
unlike PDMS, PFPEs eliminate the surface functionalization step that is often re-
quired to avoid adhesion to oxides (e.g., SiO2 on Si wafers) during the casting and
curing steps used to make the patterning elements. PFPE based stamps have been
demonstrated to have the capability of patterning 70 nm features with a precision
of ±1 nm [6], imprinting and molding of 1-2 nm diameter carbon nanotubes, as
well as dual damascene structures [21]. PFPEs have also been utilized in a method
termed pattern replication in non-wetting templates (PRINT) for the fabrication of
micro- and nanoparticles and structured arrays [22, 23] and for the nondestructive
measurement and inspection of complex, high-aspect ratio features [21].
In the work presented here, we explore the use of a commercially available form of
PFPE (CN4000 from Sartomer Company, Inc., MW = 1000 g mol−1) in a variety of
soft lithographic techniques and compare its behavior to h-PDMS. The material is a
fluorinated acrylate oligomer with a low surface energy (18.5 mN m−1), low viscos-
ity (60 cps at 25 oC), and low refractive index (1.341) and was originally designed
for ultraviolet or electron beam cured coatings and for electronics. This oligomer
has the backbone of fluorinated polyether with acryloxy (CH2=CHCOO-) as end-
ing functional groups instead of methacryloxy groups in the reported PFPE-DMA.
The material, which we denote as a-PFPE, is cross-linked under UV illumination to
form a high modulus elastomer (10.5 MPa). The modulus of a-PFPE is higher than
that of the reported PFPE-DMA (4 MPa) [6] but much smaller than that of the
thermoformed rigid fluoromaterial, Dupont Teflon AF2400 (1.6 GPa) [4, 5]. As a
result, a-PFPE can achieve high fidelity replication while at the same time enabling
good conformal contact with target substrates without substantial applied pressure.
We report results obtained by use of this photocured a-PFPE in composite pat-
terning element designs that use backing layers of s-PDMS and other materials. We
explore, in particular, a broad range of traditional and newer soft lithographic meth-
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ods, including microcontact printing (µCP) [10], nanotransfer printing (nTP) [24],
phase-shift lithography [25], proximity field nanopatterning (PnP) [12, 13], molecu-
lar scale soft nanoimprinting [14, 26], and solvent assisted micromolding (SAMIM)
[10]. As an application example, we form high-resolution quasi-three-dimensional
plasmonic crystals and evaluate their transmission characteristics. We find that, for
these soft lithographic techniques, a-PFPE compares favorably with h-PDMS, and
that its other features (e.g., resistances to swelling, ability to photocure, etc.), which
are similar to those of the previously reported PFPE-DMA, can provide certain new
capabilities.
3.2 Experimental Procedures
3.2.1 a-PFPE Stamp Fabrication
The a-PFPE formulation used a fluorinated acrylate oligomer, CN4000 (Sartomer
Company, Inc., MW = 1000 g mol−1), and a photoinitiator (Darocurr 4265, Ciba
Specialty Chemicals) (0.5 wt %) consisting of 50% of 2,4,6-trimethylbenzoyl-diphenyl-
-phosphineoxide and 50% of 2-hydroxy-2-methyl-1-phenyl-propanone. Filtering the
mixture through a 0.22 µm syringe filter after mixing for 2 h formed a photocurable
liquid resin. For most examples illustrated here, spin casting (4000 rpm for 30 s)
formed a thin layer (2 µm thick) of this photocurable liquid resin on a pattern of a
photoresist on a silicon wafer that served as the master for fabricating the patterning
elements. Exposing the film to UV light (350-380 nm) from a mercury lamp with
an intensity of 4 mW/cm2 under nitrogen purge for 2 h cured the material. Casting
s-PDMS (Sylgard 184 Silicon Elastomer, Dow Corning) onto the a-PFPE layer and
curing it at room temperature for 48 h or at 65 oC for 2 h formed a support layer
(4 mm thick) for a composite a-PFPE/s-PDMS structure. Peeling the a-PFPE/s-
PDMS off the master completed the fabrication of the patterning element. In this
approach, the a-PFPE is not strongly bonded to the h-PDMS, but the adhesion is
sufficient for the patterning procedures described here.
Molecular scale molding experiments used masters that consisted of single walled
carbon nanotubes (SWNTs) on SiO2/Si substrates. In these cases, composite molds
that used polyethylene terephthalate (PET) film backings performed better than
those that used s-PDMS, possibly due to slight distortions generated in the a-PFPE
surface, at molecular length scales, by curing induced shrinkage in the s-PDMS.
Fabrication of an a-PFPE/PET mold began with placing a few drops of a liquid
28
a-PFPE mixture onto a SWNT master. Spin casting (3000 rpm for 30 s) a thin film
of polyurethane (NOA-73, Norland Optical Adhesives, 1:2 diluted with acetone)
onto a PET sheet and pre-curing it under UV light for 3 min formed a layer that
promoted adhesion to the a-PFPE. Placing the coated PET on top of the a-PFPE
spread the liquid precursor uniformly over the master. Exposing the liquid a-PFPE
with UV light from an Hg lamp (350-380 nm) with an intensity of 4 mW/cm2 for 2
h in nitrogen purge cured the material. Peeling the supported a-PFPE mold away
from the master completed the process.
3.2.2 Physical Characterization
We evaluated the relative modulus and surface energy of thin films of a-PFPE. The
modulus was measured on a 25 µm thick layer of PFPE on PET, using a Hysitron
TriboIndenter (Hysitron Inc.) and determined according to the test method de-
scribed previously [27]. The instrument was equipped with a Berkovich diamond
indentor to perform indentations on a sample of the elastomeric stamp. For each
stamp, at least two sets of 25 indentations to a maximum load of 100 µN were con-
ducted. Any surface effect and interaction with the substrate were minimized by
indenting more than 10 times the measured surface roughness, but not more than
10% of the total thickness of the sample. Indentations within each set were 10 µm
apart, and the sets were separated by at least 1 mm. The indentations were made
using a 5-2-5 load function in which there was 5 s to apply the load, 2 s of hold
(under load control closed-loop feedback) to reduce the effect of hysteresis/creep,
and then a 5 s unload. The analysis of the load/unload curves for each indentation
was performed following the method of Oliver and Pharr to determine the modulus
of elasticity [27]. Seventy-five percent of the unloaded portion of the curve start-
ing from 5% from the top to 20% from the bottom was used for the calculation to
determine the modulus of elasticity. The indenter area function that was required
for analysis of the nanoindentation data using this method was calculated using a
series of indents in fused silica. Comparison measurements show that a-PFPE has
a modulus that is approximately the same as h-PDMS and is 7 times higher than
s-PDMS.
The surface energy was evaluated from the measurement of the advancing and re-
ceding contact angle of water and methylene iodide on the cured a-PFPE surface,
using a video contact angle analyzer, VCA 2500xe (Advanced Surface Technology
Products). The contact angle of a liquid on the examined solid surface could be
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related to the solid surface energy through Young’s equation. The advancing angles
measured with water and methylene iodide were used with the Harmonic mean ap-
proximation to calculate the solid surface energy.
3.2.3 h-PDMS Stamp Fabrication
The formulation for h-PDMS (Gelest, Inc.) can be found elsewhere [14]. Spin cast-
ing a prepolymer mixture of this material onto a master at 500 rpm for 30 s, 1000
rpm for 40 s, and 500 rpm for 800 s and baking for 3 min at 65 oC formed a 20
µm thick layer of h-PDMS. Pouring s-PDMS (Sylgard 184, Dow Corning) onto this
layer and curing for 2 h at 65 oC formed a 4 mm thick backing. Peeling away the
composite h-PDMS/s-PDMS element completed the process.
3.2.4 Linear Polymerization Shrinkage Measurements
Linear polymerization shrinkage measurements were performed with an optical mi-
croscope, using procedures described previously [19]. In these measurements, a
master with line and space patterns of a photoresist (Shipley 1805, relief depth
= 450 nm, line width = 6.3 µm, and periodicity = 9.5 µm) was used. Images of
corresponding regions on a-PFPE (2 µm)/s-PDMS (4 mm) and h-PDMS (20 µm)/s-
PDMS (4 mm) stamps fabricated from these masters were collected. The shrinkage
was determined from the difference in periodicity of the patterns on stamps and the
master.
Fabrication of Masters for Phase-Shift Lithography. Masters for phase-shift masks
used silicon-on-insulator (SOI) structures, anisotropically etched using a KOH based
etchant, as described previously [25]. These procedures formed structures consisting
of parallel lines and spaces (1-20 µm) with vertical, smooth sidewalls and top and
bottom surfaces.
3.2.5 Microcontact Printing
a-PFPE/s-PDMS and h-PDMS/s-PDMS were formed using masters consisting of
patterns of photoresists (300 nm to 1 µm dots with a periodicity of 600 nm to 1.6
µm) on silicon wafers. Placing drops of a 1 mM solution of hexadecanethiol (HDT)
in ethanol on the a-PFPE/s-PDMS stamps for 5-10 min and blowing off the solvent
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with a nitrogen gun comprised the inking step. Placing the inked stamps in confor-
mal contact with a 2 nm/20 nm Ti/Au bilayer for 30 s and peeling off the stamp
left a patterned self-assembled monolayer (SAM) of HDT on the gold. Etching the
printed substrates for 10 min in an etchant of 300 mL of H2O, 16.8 g of KOH,
1.09 g of K3[Fe(CN)6], 0.13 g of K4[Fe(CN)6], and 7.4 g of Na2S2O3.5H2O removed
the unprotected gold, yielding patterned structures in the geometry of the relief on
the stamps. The microcontact printing process with h-PDM/s-PDMS stamps was
similar to that with a-PFPE/s-PDMS but with slightly different contact and inking
times, as described in the main text.
3.2.6 Nanotransfer Printing (nTP)
Nanotransfer printing relies on the transfer of thin solid layers of material from the
surface of a stamp to a substrate. Here, we explored nTP of gold onto substrates
coated with a thin layer of gold. In this case, cold welding facilitates the transfer
of gold from the stamp to the substrate. For h-PDMS/s-PDMS stamps, a short
treatment of the stamps with oxygen plasma for 4 s followed by deposition of a
double layer of Ti/Au (2 nm/20 nm) enabled high yield transfer of largely crack-
free patterns, as described previously [24]. For a-PFPE/ s-PDMS stamps, crack
free transferred films could not be obtained using the optimized conditions for h-
PDMS/s-PDMS stamps due perhaps to the poor wettability of the a-PFPE surface.
Cracks could be reduced, however, by increasing the extent of oxygen plasma treat-
ment (to 30 s) and by using a multilayer stack of metals (Ti/Au/Ti/Au, 8 nm/10
nm/2 nm/10 nm). Transfer of these layers from the stamp to substrate occurred
at high yields and easily due to the very weak adhesion of the metal layers to the
a-PFPE surface.
3.2.7 Three-Dimensional Nanostructure Fabrication
We used procedures described previously in an optical method for three-dimensional
nanofabrication, known as proximity field nanopatterning (PnP) [13]. In this proce-
dure, h-PDMS or a-PFPE phase masks with relief features that have lateral dimen-
sions comparable to the optical wavelength, generated using the casting and curing
procedures described previously with the dot pattern masters, were placed into a
conformal contact with a transparent film of a photopolymer (SU-8, MicroChem,
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5-15 µm). Shining ultraviolet light through the mask, using procedures described
previously [12], generates a complex 3-D intensity distribution that exposes the pho-
topolymer through its depth. Peeling off the mask, baking the photopolymer at 75
oC for 5-10 min to initiate cross-linking in the exposed regions, followed by a de-
veloping step to remove the uncross-linked regions completed the process. For the
examples presented here, the developer was removed by drying with supercritical
CO2. The resulting three-dimensional structures have geometries defined by the
intensity pattern formed by passage of light through the masks.
3.2.8 Plasmonic Crystal Fabrication
Solvent assisted micromolding (SAMIM) with a-PFPE molds and soft imprinting
with h-PDMS molds patterned relief structures for a quasi-three-dimensional type
of plasmonic crystal. Both a-PFPE/s-PDMS and h-PDMS/s-PDMS molds were
cast and cured from the dot pattern masters as described previously. For the case of
a-PFPE/s-PDMS, the molded layer consisted of a 10 µm film of epoxy (NanoSU-8,
MicroChem, formulation 10) spin cast onto a glass slide at 3000 rpm for 30 s and
subsequently soft baked at 65 oC (1 min) and 95 oC (5 min). The molds were wet-
ted with a small amount of ethanol and then placed into contact with the epoxy
layer for 40 min. The ethanol softened the epoxy and caused it to flow into the
surface relief of the molds. Peeling away the molds followed by exposing with a
UV Hg lamp (350-380 nm) for 5 min with an intensity of 4 mW/cm2 and bak-
ing at 65 oC (1 min) and 95 oC (5 min) yielded relief structures in the geometry
of the molds. Since h-PDMS swells slightly with ethanol, plasmonic crystals were
fabricated with h-PDMS/s-PDMS molds by soft imprint lithography on layers of
polyurethane (NOA-73, Norland Optical Adhesive) as described previously [28].
3.2.9 Molecular Scale Molding
The masters consisted of randomly aligned individual SWNTs with diameters be-
tween 0.6 and 3 nm and coverages of between 1 and 10 tubes/µm2, grown on SiO2/Si
wafers by chemical vapor deposition using a relatively high concentration of fer-
ritin catalyst and methane feed gas, according to procedures described previously
[14, 26]. Molds (h-PDMS/s-PDMS or a-PFPE/PET) generated by casting and cur-
ing against these SWNT masters were placed against thin layers of a photocurable
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polymer (NOA-73) spin cast onto SiO2/Si substrates at 9000 rpm for 40 s. Shining
UV light through the molds with an Hg lamp (350-380 nm) for 2 h with an inten-
sity of 4 mW/cm2 cured the polymer. Peeling off the molds completed the process,
leaving a replica of relief corresponding to the nanotubes on the polymer surfaces.
These procedures followed the optimized methods described recently [14, 26]. We
note that for the case of h-PDMS/s-PDMS molds, it was necessary to use fluori-
nated silanes to prevent adhesion with the underlying SiO2. This treatment was not
necessary for a-PFPE due to its low surface energy.
3.3 Results and Discussions
Figure 3.1 schematically illustrates the procedures for fabricating composite a-PFPE
elements. For most cases, we used a backing layer of s-PDMS, in which spin casting
and photocuring a thin film of a-PFPE against the patterned surface forms the
first layer of the element. The inertness of a-PFPE eliminates the necessity of
treating the surfaces of the masters, particularly those with exposed oxides, with
fluorinated silanes, which is often required with PDMS to prevent sticking during
the casting and curing steps. Although the fluorination does not affect significantly
the dimensions of features larger than a few tens of nanometers, it can be important
at molecular scales, as illustrated next with the molding experiments that produce
relief features with dimensions of individual SWNTs. Pouring a prepolymer of
PDMS (Sylgard 184; base/initiator = 10:1 wt) on the solid a-PFPE layer and then
thermally curing at room temperature for 48 h forms the PDMS backing layer
(4 mm thick). This room temperature curing minimizes shrinkage of the PDMS.
The low modulus s-PDMS backing layer enhances the conformal contact of the a-
PFPE surface to the targets surfaces and enables in most cases good contact with
little or no applied pressure. These composite a-PFPE/s-PDMS elements were used
for µCP, nTP, phase-shift lithography, soft imprinting, and PnP. For molecular
scale imprinting, elements with backing layers of thin (0.3 mm) sheets of PET
(polyethylene terephthalate) bonded to a-PFPE using a UV curable adhesive (NOA
73) yield better results than those obtained with a-PFPE/s-PDMS elements. In
all of these composite designs, the strength of adhesion between the a-PFPE and
the other layers, while sufficient for the soft lithographic demonstration experiments
presented here, was moderate to low. Mechanical approaches, such as implementing
rough surfaces, can improve the degree of adhesion.
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Figure 3.1: Schematic illustration of steps for fabricating composite a-PFPE elements as
stamps, molds, and conformable phase masks. Spin casting a layer of prepolymer to a-
PFPE (thickness 2 µm) on a master and then curing with ultraviolet light forms a solid
layer of a-PFPE with relief in the geometry defined by the master. Pouring a precursor
to a low modulus PDMS (1.5 MPa; s-PDMS) on this a-PFPE layer and then curing it
generates a 4-5 mm thick soft backing to facilitate handling. Peeling the composite a-
PFPE/s-PDMS structure away from the master yields a conformable element suitable
for use in microcontact printing, nanotransfer printing, phase-shift lithography, proximity
field nanopatterning, and soft imprinting. For molecular scale imprinting experiments, we
used a backing layer of polyethylene terephthalate (PET) with a spin cast photocurable
polyurethane adhesion layer.
For optical soft lithographic techniques, such as phase-shift lithography and PnP, the
optical characteristics of the elastomeric masks are important. Figure 3.2(a) shows
the transmission spectra of an a-PFPE (2 µm)/s-PDMS (4.5 mm) composite mask,
indicating transparency down to wavelengths of 300 nm (the transmission is 75% at
a wavelength of 300 nm), as required for phase-shift lithography and proximity field
nanopatterning. In the design of the composite stamp, the a-PFPE layer is much
thinner (2 µm) than the s-PDMS layer (4.5 mm), and therefore, the transmission is
dominated by s-PDMS. Figure 3.2(b) shows the transmission spectrum of a-PFPE
(2 mm) itself, with comparisons to s-PDMS (2 mm) and h-PDMS (2 mm). a-PFPE
begins to absorb at wavelengths 100 nm longer than s-PDMS or h-PDMS. The
absorption of a-PFPE is most likely due to the carboxylate groups (-COO-).
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Figure 3.2: (a) Optical transmission spectra of s-PDMS (4.5 mm), h-PDMS(20 µm)/s-
PDMS(4.5 mm), and a-PFPE(2 µm)/s-PDMS(4.5 mm) stamps. (b) Optical transmission
spectra of s-PDMS, h-PDMS, and a-PFPE, with thicknesses of 2 mm.
We first examined the properties of the patterning elements themselves. The mas-
ters for these studies consisted of arrays of cylindrical holes in a layer of a photore-
sist on SiO2/Si substrates. Figure 3.3 shows some representative scanning electron
microscope (SEM) images of composite stamps of h-PDMS (20 µm)/s-PDMS (4
mm) (Figures 3.3(a),(c),(e), and (g)) and a-PFPE (2 µm)/s-PDMS (4 mm) (Fig-
ure 3.3(b),(d),(f), and (h)). For features with diameters of 450 nm, periodicities
of 750 nm (Figure 3.3(a), and (b)) or larger and depths of 300 nm, both a-PFPE
and h-PDMS accurately replicate the features. For smaller features with the same
depths, the relief on the h-PDMS exhibits defects, in the form of merged (Figure
35
3.3(c)) or missing (Figure 3.3(e)) posts, neither of which are observed in a-PFPE
(Figure 3.3(d), and (f)). The pattern of Figure 3.3(e), which is particularly chal-
lenging for h-PDMS but not a-PFPE, consists of posts with diameters of 130 nm
and heights of 420 nm, in a hexagonal array with an 800 nm periodicity. We suspect
that the absence of missing posts in the a-PFPE results, at least partly, from the
better release properties from the master as compared to h-PDMS, due to its com-
paratively lower strength of adhesion. The higher tendency of the h-PDMS posts
to merge may result from its high surface energy, as compared to a-PFPE. Figures
3.3(g), and (h) show cross-sectional views of a-PFPE (2 µm)/s-PDMS (4 mm) and
h-PDMS (20 µm)/s-PDMS (4 mm) elements for phase-shift lithography made from
an silicon-on-insulator (SOI) master with line and space patterns (line width = 13.5
µm and line spacing = 6.5 µm). At these length scales, both materials accurately
replicate the relief structures.
Figure 3.4 shows results from microcontact printing with composite patterning ele-
ments similar to those shown in Figure 3.3 as stamps. In this process, an ethanolic
solution of hexadecanethiol (HDT) inks the surface of the stamps. Contacting these
inked stamps to thin film of Au forms a self-assembled monolayer in the geometry
of the relief on the stamps. Etching away the unprinted regions yields patterns
of Au. Both stamp materials offer excellent printing results for 970 nm diameter
dots with a periodicity of 1.6 µm (Figure 3.4(a), and (b)) and for 450 nm diameter
dots with a periodicity of 750 nm (Figure 3.4(c), and (d)). The a-PFPE/s-PDMS
stamps show better performance than h-PDMS/s-PDMS for 260 nm dots (Figure
3.4(e), and (f)), due to the better replication of a-PFPE as illustrated in Figure
3.3. The defects observed in the smallest printed features (Figure 3.4(e)) using the
h-PDMS stamp result from merging defects in the stamps, as illustrated in Figure
3.3. We find that a-PFPE requires longer inking times (5-10 min) as compared to
h-PDMS (30 s), suggesting that the uptake of the ink into the a-PFPE is less, for
a given time, than h-PDMS. Furthermore, contact times needed to yield defect free
patterns in the etched gold are found to be somewhat longer for a-PFPE (30 s),
as compared to h-PDMS (5 s). This observation is likely related to the different
inking behaviors and to conformal contact that tends to happen more readily with
h-PDMS than with a-PFPE.
The same types of composite stamps can be used to pattern gold by nanotransfer
printing (nTP). In this approach, gold deposited onto a stamp is transferred to
a target substrate via one of a variety of mechanisms, such as cold welding to a
thin layer of gold on the target substrate [24]. Optimized conditions for printing
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Figure 3.3: Scanning electron micrographs of composite elements of h-PDMS/s-PDMS (a,
c, e, and g) and a-PFPE/s-PDMS (b, d, f, and h) generated by casting and curing against
masters of patterned photoresistors on SiO2/Si. Elements shown in panels a and b consist
of square arrays of posts (diameter = 450 nm, periodicity = 750 nm, and relief depth =
300 nm) and were used for microcontact printing. Elements in panels c and d consist of
hexagonal arrays of posts (diameter = 350 nm, periodicity = 500 nm, and relief depth
= 420 nm) and were used for proximity field nanopatterning. Elements in panels e and
f consist of hexagonal arrays of posts (dimension = 130 nm, periodicity = 800 nm, and
relief depth = 420 nm). Frames (g and h) show cross-sectional views of elements used for
phase-shift lithography (line width = 6.5 µm, line spacing = 13.5 µm, and relief height
= 500 nm). The results suggest that a-PFPE is better able to produce, with low defects,
structures that have small dimensions and large relief heights.
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Figure 3.4: Scanning electron micrographs of patterns of gold generated by microcontact
printing (µCP) using h-PDMS/s-PDMS (a, c, and e) and a-PFPE/PDMS stamps (b, d,
and f). The patterns on the masters had periodicities of 1.6 µm (a and b), 750 nm (c and
d), and 600 nm (e and f); diameters of 970 nm (a and b), 450 nm (c and d), and 260 nm
(e and f); and depths of 300 nm.
with PDMS involve a short oxygen plasma treatment and a thin layer of titanium to
minimize nanoscale cracks that can form during evaporation of gold onto the PDMS
[24]. Figures 3.5(a), and (b) show patterns of Ti/Au (2 nm/20 nm) printed using
such procedures with a h-PDMS/s-PDMS stamp. Some ultrathin residue of PDMS
can be left on the printed structures, due to the relatively good bonding between the
oxygen plasma treated PDMS and the Ti/Au bilayer. This PDMS can be removed
by a plasma treatment with oxygen and tetrafluoromethane, as described previously
[24]. These optimized conditions do not apply to a-PFPE/s-PDMS stamps, due to
their different surface chemistries. Although there are nanocracks present in the
patterns transferred from a-PFPE/s-PDMS stamps, as shown in Figures 3.5(c),
and (d), the transfer efficiency is extremely high, due to the very poor adhesion
of the metal (Ti/Au, 2 nm/20 nm) to the a-PFPE. Multilayer stacks of metals
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(Ti/Au/Ti/Au, 8 nm/10 nm/2 nm/10 nm) can generate patterns with minimal
cracking at high yield, as illustrated in Figures 5(e),and (f).
Figure 3.5: Scanning electron micrographs of patterns generated by nanotransfer printing
(nTP) using Ti/Au (2 nm/20 nm) on h-PDMS/s-PDMS (a and b); Ti/Au (2 nm/20
nm) on a-PFPE/s-PDMS (c and d); and Ti/Au/Ti/Au (8 nm/10 nm/2 nm/10 nm) on
a-PFPE/s-PDMS. The patterns on the masters have diameters of 970 nm (a, c, and e)
and 260 nm (b, d, and f), periodicities of 1.6 µm (a, c, and e) and 600 nm (b, d, and f),
and depths of 300 nm.
Figure 3.6 compares the operation of a-PFPE and h-PDMS based phase-shift masks
for patterning 100 nm features in photoresists. Phase masks fabricated from SOI
masters (line (13.5 µm) and space (6.5 µm) pattern) provide well-controlled geom-
etry with sharp, vertical sidewalls as shown in Figure 3.3. The patterning process
involves exposing a thin layer of a photoresist (500 nm, Shipley 1805 spin cast at
3000 rpm for 30 s) by shining UV light through a phase mask while it was in con-
formal contact with the photoresist. This contact, which is driven by generalized
adhesion forces [7–9], places the photoresist in the near field region of the mask.
Optical phase-shifting effects at the step edges produce local reductions in the in-
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tensity of UV light in these regions. Postexposure development produces lines of the
positive photoresist. The behavior of phase-shift masks made of a-PFPE (2 µm)/s-
PDMS (4 mm) in this process is indistinguishable from that of masks of h-PDMS
(20 µm)/s-PDMS (4 mm). In particular, lines of the photoresist with widths and
heights of 100 and 500 nm, respectively, can be fabricated in both cases, as shown
in Figure 3.6.
Figure 3.6: (a) Scanning electron micrographs of line patterns in photoresists generated
using (a) h-PDMS/s-PDMS and (b) a-PFPE/s-PDMS phase-shift masks. The line spacing
is 5 µm, and the widths are 100 nm. The insets provide cross-sectional magnified views.
Such phase masks can also be used, with transparent photopolymers, to produce
three-dimensional nanostructures in a single exposure step, using a process known
as PnP. Figures 3.7(a),and (b) show structures of an epoxy (SU8, Microchem Corp.)
photoexposed through an a-PFPE/s-PDMS mask with relief in the form of hexag-
onal arrays of posts with diameters, periodicities, and heights of 350, 500, and 420
nm, respectively. Figures 3.7(c), and (d) shows three-dimensional structures made
from a-PFPE/s-PDMS masks with smaller posts (diameter = 280 nm and period-
icity = 400 nm). These structure geometries are consistent with expectations based
on modeling of the optics. It was impossible to generate masks with these geome-
tries using h-PDMS due to the relatively high density of merged and missing posts,
as illustrated in Figure 3.3. The capability of a-PFPE to produce defect-free phase
masks in this range of feature sizes enables new opportunities in three-dimensional
nanofabrication with PnP.
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Figure 3.7: Top (a) and cross-sectional (b) SEM images of 3-D nanostructures generated
with a-PFPE/s-PDMS phase masks with relief in the geometry posts in hexagonal arrays,
with diameters, periodicities, and heights of 350, 500, and 420 nm, respectively. Panels c
and d provide top and cross-sectional views, respectively, of 3-D nanostructures generated
by a-PFPE/s-PDMS masks with relief in the geometry posts in a square array, with
diameters, periodicities, and heights of 280, 400, and 420 nm, respectively.
In a final set of experiments, we compared a-PFPE to h-PDMS for soft imprinting.
In a first example, we used molds with geometries similar to those shown in Figure
3 to create relief structures for a type of quasi-three-dimensional plasmonic crystal
device. Figures 3.8(a), and (b) show SEM images of such plasmonic crystals formed
by electron beam evaporation of thin films of gold (50 nm) onto structures of relief
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fabricated using h-PDMS/s-PDMS and a-PFPE/s-PDMS molds. The patterns in
these cases correspond to square arrays of 480 nm diameter holes with a periodicity
of 780 nm and a depth of 400 nm. The crystals formed with h-PDMS (Figure
3.8(a)) use photocurable polyurethane (NOA-73) patterned according to procedures
described previously [28]. Samples generated with a-PFPE (Figure 3.8(b)) used
solvent assisted micromolding (SAMIM) of a thin layer of epoxy (SU-8, Microchem
Corp). (Molding of polyurethane (NOA-73) with the a-PFPE/s-PDMS composite
stamps tended to lead to bonding failure at the interface of a-PFPE and s-PDMS
upon releasing of the stamp after curing the polyurethane.) The SEM images of
Figures 3.8(a), and (b) show that structures formed using these two approaches
have a similar appearance. The normal incidence transmission spectra, as shown
in Figure 3.8(c), are important for sensing applications [29]. The general features
of spectra are similar, with an overall spectral shift that is due, at least in part,
to the difference in index of refraction between the NOA-73 (1.56) and the SU-8
(1.58-1.67). The possible change in periodicity of the structures on polyurethane
and epoxy due to the differences in shrinkage of h-PDMS and a-PFPE could also
be important for the spectral shift. By comparing the changes in periodicity of line
and space patterns replicated with an a-PFPE/s-PDMS stamp and with h-PDMS/s-
PDMS, we determined that the shrinkage of a-PFPE (0.6 ± 0.2%) is comparable to
that of h-PDMS (0.7 ± 0.2%).
The ultimate resolution in soft imprinting can be evaluated using single walled
carbon nanotubes (SWNTs) as masters [14, 26]. Recent studies show that this type
of molding procedure can provide a resolution approaching 1 nm, using h-PDMS/s-
PDMS molds and optimized procedures [14, 26]. We demonstrate in this work
that a-PFPE can provide a comparable resolution. Figure 3.9(a) presents an AFM
image (2 µm × 2µm) of a representative region of SWNTs on a SiO2/Si substrate
that served as a master. The range of diameters in such SWNTs and the atomic
scale uniformity in their diameters over lengths of tens of micrometers are ideal for
investigating resolution at the molecular scale. Figure 3.9(b) shows an AFM image of
a layer of polyurethane (PU) molded using a composite a-PFPE/PET mold formed
by casting and curing against the SWNT master. The results indicate that SWNTs
with diameters as small as 0.6 nm can be replicated, to some extent, by a-PFPE.
The surface roughness in the molded layers limits the replication fidelity at these
scales. Detailed AFM measurement shows that the surface roughness of a replica
(PU) from the a-PFPE mold is between 0.4 and 0.5 nm, slightly higher than replicas
formed using h-PDMS molds (as small as 0.3 nm). On the other hand, statistical
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Figure 3.8: SEM images of plasmonic crystals formed using gold coated (a) photocurable
polyurethane imprinted with an h-PDMS mold (diameter = 480, periodicity = 780 nm,
and relief depth = 400 nm) and (b) epoxy molded by SAMIM using an a-PFPE mold.
Panel c shows the normal incidence transmission spectra of these plasmonic structures.
The spectral shifts are likely due to differences in the index of polyurethane and epoxy.
analysis of molded features, as shown in Figure 3.9(c), suggests that a-PFPE enables
more accurate replication of feature heights, as compared to h-PDMS, in the 1 nm
range. One possible reason for this difference is that the master for a-PFPE was
not treated with fluorinated silanes, unlike the case for PDMS. The thickness of this
fluorinated silane layer could reduce, especially at the 1 nm scale, the replicated
relief depth as compared to the dimensions of the SWNTs.
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Figure 3.9: Molecular scale imprinting using single walled carbon nanotubes (SWNTs)
as masters. (a) Atomic force microscopic (AFM) image of a representative region of a
master (random SWNTs on SiO2/Si). (b) AFM image of the relief structure on a layer of
polyurethane imprinted with an a-PFPE/s-PDMS mold. (c) Comparison of relief height
replication using h-PDMS and a-PFPE molds. The relief height replication fidelity using
a-PFPE is slightly better than h-PDMS for nanotubes with sizes less than 1.5 nm. (Data
for relief height replication with h-PDMS are adapted from Hua [26].)
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3.4 Conclusions
In summary, we have compared a commercially available formulation of perfluo-
ropolyether polymer (a-PFPE) with h-PDMS for use in a variety of soft lithographic
techniques including microcontact printing, nanotransfer printing, phase-shift opti-
cal lithography, proximity field nanopatterning, molecular scale soft nanoimprinting,
and solvent assisted micromolding. The a-PFPE material, in the form of composite
stamps, appears to hold promise as an alternative to PDMS for certain soft litho-
graphic methods, due mainly to its capability of high fidelity replication and chem-
ical inertness. In several cases, however, the intrinsic differences in the chemistries
of a-PFPE and PDMS make it necessary to re-examine the processing conditions.
For instance, the chemical inertness and low surface energy of a-PFPE eliminate
the need to functionalize the surfaces of oxides on masters, but these same proper-
ties lead to longer inking and contacting times in microcontact printing. Through
careful optimization, a-PFPE can be an excellent material for soft lithography, for
a variety of applications including electronics, microfluidics, and biosensing.
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CHAPTER 4
SOFT LITHOGRAPHY WITH
POLY[(3-MERCAPTOPROPYL) METHYLSILOXANE]
This chapter was published as “Applications of Photocurable PMMS Thiol-Ene
Stamps in Soft Lithography”. Reproduced with permission from Campos L. M.;
Truong T. T.; Shim D. E.; Dimitriou M. D.; Shir D.; Meinel I.; Gerbec J.; Hahn
H. T.; Rogers J. A.; and Hawker C. J. Chemistry of Materials, 21(21), 5319-5326
(2009). Copyright 2009, American Chemical Society.
Applications of Photocurable PMMS Thiol-Ene Stamps in Soft
Lithography
We report the performance and characterization of a material based on poly[(3-
mercaptopropyl)methylsiloxane] (PMMS) in various soft lithography applications.
PMMS stamps were made by cross-linking with triallyl cyanurate and ethoxylated
(4) bisphenol A dimethacrylate via thiol-ene mixed-mode chemistry. The surface
chemistry of the materials was characterized by XPS when varied from hydrophilic
through oxygen plasma treatment, to hydrophobic by exposure to a fluorinated
trichlorosilane agent. The materials are transparent above 300 nm and thermally
stable up to 225 oC, thus rendering them capable to be employed in step-and-flash
imprint lithography, nanoimprint lithography, nanotransfer printing, and proximity-
field nanopatterning. The successful pattern replication from the micrometer to
sub-100 nm scale was demonstrated.
4.1 Introduction
Nanoimprinting techniques continue to attract considerable interest because of their
potential to enable mass production of nanopatterns and nanostructures at low cost
and submicrometer resolution [1, 2]. Traditional nanoimprint lithography (NIL), de-
veloped by Chou and co-workers [3], takes advantage of the moldable characteristics
of polymer melts by heating a polymer film above its glass transition temperature
(Tg), while being pressed with a topographically patterned hard master. Upon cool-
ing, the thermoplastic polymer maintains the inverse structure of the master. With
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this technology, the mold is generally a hard material, such as a silicon wafer or
a metal to prevent any deformation of the patterned features during the imprint
process. As an alternative to traditional NIL, step and flash imprint lithography
(SFIL) was developed by Willson and co-workers [4]. SFIL utilizes UV light to cure
a thin film photoresist while being pressed with the patterned master, thus allowing
the imprinting step to be done in the absence of high temperatures. Another major
advantage provided by this technique is the ability to optically align the master
with the template to control the spatial location of imprinted patterns. However,
a patterned quartz master is necessary to allow UV light to penetrate the master
and cure the photoresist. To avoid the complications that arise from using hard,
specialty masters (such as quartz), soft lithography emerged as a low-cost, high
throughput alternative that takes advantage of a single master to fabricate myriad
disposable polymeric replicas [5, 6]. To further enable this technology, we have re-
cently introduced a new family of inexpensive, cross-linkable soft materials capable
of replicating high fidelity sub-100 nm features with curing times of 1-2 min [7]. In
this manuscript we report the use of these systems in traditional soft lithographic
applications, and we characterize the physical properties that are relevant for the
viability of these processes.
Soft lithography involves the fabrication of an inverse replica of a patterned hard
master using cross-linkable polymeric materials [8, 9]. Generally, a liquid mixture
of small molecules and polymers is cast onto the patterned master and cured. The
cross-linked polymeric stamp is then peeled and further used in a wide variety of
soft lithography processes [1], such as soft nanoimprint lithography, soft step and
flash lithography, and nanotransfer pritinting, among others [10]. This technique
allows for the fabrication of multiple, inexpensive stamps from a single hard master.
While several polymeric materials have been developed [11–14], employing vari-
ous types of cross-linking chemistries, the most widely used are based on the plat-
inum catalyzed hydrosilylation of poly(dimethylsiloxane) (PDMS). These systems
are generally cured by heating but require extended periods of time, prohibiting
high throughput fabrication. Although fast-curing systems have been developed
[15–17], they suffer from one or more of the following: (a) oxygen inhibition during
cross-linking, (b) high-cost materials, and (c) the use of specialized equipment to
replicate sub-100 nm features.
To avoid the above complications, materials based on poly [(3-mercaptopropyl)
methylsiloxane] (PMMS) have been developed for applications in soft lithography
[7]. PMMS can be cured via thiol-ene click chemistry with a wide array of alkene-
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containing cross-linkers [18]. The modularity imparted by these versatile systems
allows for high throughput stamp fabrication and optimization of the resulting phys-
ical, chemical, and mechanical properties [19]. Furthermore, the rapid curing and
molding of the materials via thiol-ene click chemistry can be done at ambient condi-
tions [20, 21], without inhibition from oxygen or moisture [22, 23], by simply casting
the prepolymer liquid mixture onto the patterned masters. Given the nature of the
curing chemistry, having control over the cross-linking of the systems allows the liq-
uid mixture to fully infiltrate the master molds, thus yielding high fidelity features.
To study the pattern transfer capabilities of the PMMS-based systems, we have se-
lected the mixture composed of PMMS, triallyl cyanurate (TAC), and ethoxylated
(4) bisphenol A dimethacrylate (BPADMA) as shown in Figure 4.1. The resulting
cross-linked material has an elastic modulus, E, of approximately 24 MPa (elon-
gation at break ca. 20%), and the films (ca. 0.5 mm thick) are stiffer than the
commercially available PDMS (Sylgard 184, E of ca. 2-3 MPa) but are also flexible,
rendering them useful in SNIL. This material has been successfully used to pattern
photonic crystals of titania [24] and micrometer arrays via microcontact printing
[25].
Figure 4.1: Components of the PMMS mixture
4.2 Experimental Section
4.2.1 Materials
Triallyl cyanurate (TAC) and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were
purchased from Aldrich. Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (TD-
FOCS, SIT-8174.0) and poly[(mercapto-propyl)methylsiloxane] (PMMS, SMS-992)
were purchased from Gelest. Ethoxylated (4) bisphenol A dimethacrylate (BPADMA)
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was kindly donated by Sartomer.
4.2.2 Stamp Fabrication
The stamps were fabricated as previously described [7]. Briefly, the sample blend
with the composition in Scheme 1 was mixed in a microcentrifuge tube, including
<1% by weight of the photoinitiator. For example, 0.6 g of PMMS, 0.4 g of TAC,
0.1 g of BPADMA, and approximately 1 mg of DMPA were thoroughly mixed in a
vortexer. The blend was then cast on top of the master, within the cavity between a
spacer (typically 0.5 mm thick) and a glass plate. The sample was then photolyzed
with a 365 nm wavelength lamp (intensity ca. 4.6 mW cm−2) for 2 min through the
face of the glass. The free-standing films were then peeled from the glass and the
silicon master.
4.2.3 Characterization
UV-vis spectra were obtained using an Agilent Technologies spectrophotometer,
model 8453. The mounted films were approximately 0.5 mm thick. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC) were performed
with analyzer models TGA-Q50 and DSC-Q10, respectively, from TA Instruments.
X-ray photoelectron spectroscopy (XPS) measurements were performed using an
Axis Ultra XPS system (Kratos) with a monochromatic AI KR X-ray source (1486.6
eV) operating at 225 W under 7×10−9 Torr vacuum. Charge compensation was car-
ried out by injection of low-energy electrons into the magnetic lens of the electron
spectrometer. The pass energy of the analyzer was set at 80 eV. The energy reso-
lution was set at 0.1 eV with a dwell time of 100 ms. The spectra were analyzed
using CasaXPS v. 2.3.12 software.
4.2.4 Thin-Film Resist Preparation
The resists employed for SSFIL and SNIL without the transfer layer were prepared
by spin coating onto a silicon wafer a 3% solution of NXR-2010 (photoresist) or
NXR 1020 (thermoplastic resist) at 4000 rpm for 45 s. The resists were imprinted
using the automated Nanonex Imprinter NX 2000.
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4.2.5 Nano-Transfer Printing
The stamp based on SB2 was fabricated with a pattern of photoresist on a SiO2/Si
substrate in a geometry of square arrays with holes having a diameter of 1 µm, pe-
riodicity of 1.7 µm, and a relief depth of 0.4 µm. The patterned stamp was exposed
to oxygen plasma (15 s) and TDFOCS vapor (30 min). The stamp and a blank
silicon substrate were then coated with a double layer of titanium/gold (2 nm/20
nm) by e-beam evaporation. When the coated stamp and silicon substrate were put
into contact (5-10 min), cold welding of the gold layers enabled the transfer of gold
from the relief regions on the stamp onto the silicon substrate.
4.2.6 Two Photon Proximity-Field Nanopatterning (2ph-PnP)
The phase mask based on SB2 was cast onto a master with square arrays of holes (di-
ameter 0.66 µm, periodicity 1.1 µm, relief depth 0.40 µm) of photoresist on a SiO2/Si
substrate. The patterned phase mask was put into contact with a photopolymer
layer (SU8-10, Microchem, 10 µm) coated on a glass substrate. Blank exposure
through the phase mask and photopolymer layer generated the 3D optical interfer-
ence patterns that are recorded by the photopolymer layer, followed by removing
the unexposed regions in a developing process to yield high quality 3D structures
over large area. A light source with wavelength of 800 nm was used for the exposure.
4.2.7 Master Mold Replicas
The patterned stamps based on SB2 were exposed to oxygen plasma for 15 s (to yield
SB2-OH). Then, SB2-OH was exposed to (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane (TDFOCS) vapor for 20-30 min under reduced pressure. Finally,
the thiol-ene blends were cast and cured on top of the fluorinated stamp (SB2-F).
Peeling the sample yielded a stamp with the replica features of the original silicon
master.
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4.3 Results and Discussion
4.3.1 Stamp Fabrication Process
One of the most beneficial aspects of the PMMS materials is the ease of process-
ing to fabricate patterned stamps (Figure 4.2). As previously described, the pro-
cess involves the thorough mixing of PMMS, TAC, and BPADMA, along with less
than 0.1 wt % of the UV-active radical initiator DMPA (this mixture is referred
to as sample blend 2, or SB2). The liquid SB2 is then cast between an ordinary
microscope glass slide and a patterned silicon master using Teflon spacers to con-
trol the thickness of the stamps (ca. 0.5 mm). It is preferred to treat the mas-
ters with the fluorinating agent (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
(Cl3SiCH2CH2[CF2]5CF3, TDFOCS) by vapor deposition to enhance the release
properties of the stamps. The mixture is then cured using UV light (365 nm) at
ambient conditions (without previous deoxygenation) for 2 min (Figure 4.2(B)). Fi-
nally, the stamp is released by peeling from the master (Figure 4.2(C)). We must
note that no pressure is required to fill the master mold in Figure 4.2(B) [17].
Figure 4.2: Process for stamp fabrication: (A) Cast liquid SB2 onto a patterned master
mold. (B) Cure the material with UV light for 2 min at ambient conditions. (C) Peel the
patterned polymeric stamp.
4.3.2 Physical Properties
To be able to use the materials in SSFIL, the stamp must be transparent to the light
required to cure photoresists [4, 26]. Figure 4.3 shows the percent transmittance
spectra of the cross-linked blend. The material is optically clear and transparent
above 300 nm (ca. 90% transmission at 350 nm). We must note that using too much
radical initiator (DMPA) can lead to absorbance at wavelengths between 300 and
400 nm, which arise from the n,pi∗ transition from DMPA (see Figure 4.3, inset).
As a result, the acetophenone initiator should be added to the blends in quantities
less than 0.1 wt % to achieve the transmittance displayed in Figure 4.3, or other
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initiators, such as AIBN (thermally active), can also be employed to avoid the
absorbance from the 310-390 nm UV-active initiator. The PMMS-based material
(SB2) is comparable to s-PDMS and h-PDMS, which are transparent to light above
300 nm [11, 12]. The newly modified, acrylate-functional perfluoropolyether stamps
(a-PFPE, an extension of the work developed by DeSimone and co-workers) [14]
reported are transparent above approximately 350 nm (40% transmission at 350
nm, 2 mm thick films) [11, 12].
Figure 4.3: Percent transmittance spectrum of a 0.5 mm thick film of SB2. The inset
shows the UV-vis spectrum of DMPA in chloroform, highlighting the n → pi∗ transition
between 310 and 380 nm.
With the potential to use the PMMS materials to transfer patterns using mold-
able thermoplastics (such as embossing) [3, 27], both thermogravimetric analysis
(TGA, Figure 4.4) and differential scanning calorimetry (DSC) were carried out to
obtain information regarding the thermal stability of SB2. The TGA plot shows
that decomposition begins to take place near 250 oC (Figure 4.4, bottom), a value
comparable to that of Sylgard 184 [28]. Above 300 oC, the SB2 rapidly decomposes
due to the high organic content from the alkene cross-linkers. Furthermore, within
the temperature range from -80 to 220 oC, SB2 does not undergo any phase tran-
sitions as observed by DSC (within the lower temperature limit of the instrument).
The result is analogous to Sylgard 184, which has a glass transition temperature
(Tg) of approximately -120
oC [29]. The thermal stability of the PMMS material
renders it with the capability to thermally cure or emboss materials at temperatures
up to approximately 225 oC.
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Figure 4.4: Top: Complete profile of the thermogravimetric analysis (TGA) of SB2 (heat-
ing rate of 10 oC/min). Bottom: Expanded region of the TGA plot.
4.3.3 Soft Step and Flash Imprint Lithography (SSFIL)
The process for SSFIL is highlighted in Figure 4.5, where a soft stamp is used to press
the moldable liquid photoresist [10–12]. While applying pressure, the photoresist
is then cured to maintain the inverse pattern of the stamp. For any nanoimprint
process, it is important that the resist does not adhere to the mold after imprinting
[26]. To test the capability of SB2 to print the photoresist NXR-2010, the SSFIL
procedure was carried out by applying pressure followed by UV light exposure (365
nm) for 1 min. As it is clearly visible from the optical microscope image in Figure
4.6(A), the photoresist adhered to the SB2 stamp, and the pattern was ripped during
the peeling process (Figure 4.5(C)).
Given that PDMS materials can be modified at the surface to become hydrophilic
by exposure to oxygen plasma [30], the same treatment was applied to SB to oxidize
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Figure 4.5: Process for pattern transfer via SSFIL: (A) Cast/spin coat liquid photoresist
onto substrate with or without transfer layer. (B) Apply pressure and cure with UV light
(λ > 300 nm using SB2-F). (C) Peel the patterned polymeric stamp.
Figure 4.6: Microscope images of the patterns imprinted using two different stamps (50×).
(A) Pristine stamp, without the surface treatment shows significant adherence. (B) Stamp
with the hydrophobic surface treatment.
the surface and subsequently functionalize with the same fluorinating agent that was
used for the silicon masters and other PDMS stamps, TDFOCS [10]. To characterize
the surface treatment, a nonpatterned, 2 mm thick film of SB2 was exposed to O2
plasma for 15 s (300 mbar, 0.1 V). Longer exposure times have been shown to yield
a silica layer in PDMS, which has been exploited as an impermeable layer to avoid
deformations during SSFIL [10]. However, for the purpose of this work, 15 s was
enough to change the water contact angle to <17o, as opposed to the original value
of 75o. A similar oxidation process was employed by Donzel et al. to make the
surface of PDMS hydrophilic after 30 s of O2 plasma treatment [30]. After exposing
the surface to TDFOCS vapor under line vacuum for 20 min in an enclosed chamber,
the water contact angle changed from <17o to 103o, rendering it hydrophobic, in
agreement with the similar treatment of PDMS [10].
The surface treatment process for SB was also characterized by X-ray photoelectron
spectroscopy (XPS). This technique allowed for the identification of the elements
present at the surface before (SB2) and after exposure to O2 plasma (SB2-OH)
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and after surface functionalization with TDFOCS (SB2-F). Figure 4.7 shows the
evolution of the spectra at each step. From the composition of the blend, SB2
shows the expected presence of C, N, O, S, and Si. After O2 plasma, the intensity of
the O 1s peak noticeably increased in SB2-OH, relative to the C 1s peak. Finally, the
incorporation of the covalently bound TDFOCS is evident by the appearance of the
F 1s peak at approximately 690 eV. These steps are in accord with the observations
by XPS in a similar treatment of PDMS [10, 30].
Figure 4.7: XPS spectra showing the elemental composition at the surface of SB2 (bot-
tom), SB2-OH (center), and SB2-F (top).
Following the procedure depicted in Figure 4.8 to coat the fluorinating agent, TD-
FOCS, onto the surface of the polymeric stamp, SB2-F was implemented in the
SSFIL process to pattern the photoresist NXR-2010. Under the same conditions
described earlier, the processes proved to be successful and allowed peeling of the
stamp from the printed substrate. Minimal adhesion was experienced when peeling
the stamp, and the microscope image in Figure 4.6(B) does not show any imperfec-
tions.
The composition chosen (SB2) has various advantages over hard, patterned sub-
strates, such as flexibility, low cost, and ease of fabrication. In SSFIL/SNIL, a
flexible mold can conform to surfaces during the imprint step, thus significantly
reducing defects caused by particles or dust trapped between the mold and the
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Figure 4.8: Process for coating SB2 with a fluorinated release layer: (A) expose SB2 to O2
plasma for 15 s (yields SB2-OH) and (B) exposure of the hydrophilic stamp to TDFOCS
vapor under vacuum for 20 min (yields SB2-F). See Figure 4.7 for the corresponding XPS
surface analysis.
substrate. Given that pressure is applied to transfer the patterns, the mechanical
properties of the materials are critical in SNIL [11, 12]. Soft materials that have a
low Youngs modulus, such as PDMS, have critical drawbacks for their implementa-
tion in imprint lithography, and it is widely known that pressure can lead to collapse
of the features [31].
To test submicrometer pattern transfer to the NXR-2010 photoresist under pressure
and illumination, the fluorinated SB2-F stamp in Figure 4.9(A) was employed as
shown in Figure 4.5 and exposed to UV light through the top side of the stamp
with the transparency of the PMMS material allowing for the curing of the pho-
toresist (365 nm). The process involved applying pressure and illumination of the
photoresist for 1 min. After the printing step, the stamp was peeled with minimal
adhesion to the substrate. To improve adhesion of the resist to the substrate, the
silicon wafer was pretreated with 3-(trimethoxysilane)propyloxyacrylate by solution
deposition. The patterned stamp in Figure 4.9(A) contains features of posts with a
height of approximately 200 nm, width approximately 170 nm, and period approx-
imately 250 nm. The SEM image of the printed photoresist in Figure 4.9(B) shows
the remarkably well-replicated inverse structure of the stamp. Furthermore, the
patterning of sub-100 nm pores was accomplished using an SB2-F stamp fabricated
using a porous aluminum oxide (PAO) master to yield posts as previously reported
[7]. Figure 4.9(C) shows the SEM image of the printed photoresist (thickness ca.
70 nm, pore width ca. 55 nm). In both cases there are no apparent imperfections
of the posts arising from the applied pressure. Another challenge in SFIL is the
production of a scum layer with a key feature of PFPE-based systems being the
ability to print resists without a scum layer [11, 12, 16], that is, a residual layer of
resist that prevents the surface exposure at the bottom of the pores/wells of the
patterned substrates. Using the SB2-F stamps, the cross-sectional SEM images of
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the printed photoresist clearly shows no observable scum layer at the bottom of the
wells, a preeminent feature of PFPE stamps [11, 12, 16]. Thus, the PMMS materi-
als display outstanding characteristics, which show promise for replacing the hard
masters traditionally employed in SSFIL.
Figure 4.9: SEM images of (A) SB2-F stamp with 180 nm features and (B) the patterned
photoresist NXR-2010 on silicon using the stamp in Frame A (film thickness ca. 200 nm,
pores ca. 180 nm wide) and (C) SB2-F stamp with 55 nm features and (D) the patterned
photoresist on Si (film thickness ca. 80 nm, pores ca. 60 nm wide).
4.3.4 Soft NanoImprint Lithography (SNIL)
To test the printing capabilities of a thermoplastic resist, the commercially available
NXR-1020 was used. This material can be spin coated onto a substrate, heated
above its Tg, and molded by applying pressure. The printing process is highlighted
in Figure 4.10 using SB2-F. However, this process requires high temperatures and
higher pressures than those used in SSFIL, exposing the soft materials to harsh
conditions and rendering the relief features prone to collapse [31]. Thus, the SB2-
F stamps were subjected to the SNIL process using the pattern of posts shown in
Figure 4.9(A). The substrate preparation, without a transfer layer, involved the spin
coating of a thin layer of the thermoplastic resist by spin coating on a clean silicon
substrate. Using a Nanonex Imprinter (NX 2000), the stamp/NXR-1020/substrate
sandwich shown in Figure 4.10 was subjected to 400 psi of pressure and 140 oC for
1 min. Upon immediate cooling, the stamp was peeled with minimal adhesion, and
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the transferred pattern was characterized by SEM.
Figure 4.10: Process for pattern transfer via SNIL: (A) Spin coat the thermoplastic resist
solution onto a substrate and allow to dry the film under vacuum at 50 oC for 2 h. (B)
Apply pressure (400 psi) and heat (140 oC) for 1 min (using SB2-F as the stamp). (C)
Peel the patterned polymeric stamp.
The SEM image of the patterned SB2-F stamp, composed of posts, is shown in
Figure 4.9(A), and the inverse features transferred onto the thermoplastic resist
NXR-1020 are shown in Figure 4.11(A). The resulting pattern has holes that are
slightly wider than the posts of the stamp (width ca. 190 nm), but the depth is
similar to the height of the posts (ca. 200 nm). This may be due to possible distor-
tions arising from the pressure exerted during the printing process. However, the
posts did not collapse under the severe conditions of the process, and the polymeric
stamp could be used multiple times. It was also noticed that a residual scum layer
of approximately 18 nm remained after the imprint process, which is common when
patterning thermoplastic resists [32, 33]. The scum layer was easily removed by
conventional dry etching procedures. After exposing the patterned thermoplastic
resist to O2 plasma for 30 s, the scum layer is completely removed, exposing the
surface of the silicon wafer. Further exposure to O2 plasma for a total time of 60
s leads to widening of the pores (width ca. 240 nm), further exposing the surface
of the substrate. Under the same conditions, the thermoplastic resist was embossed
using the stamp bearing the sub-100 nm features. The successful pattern replication
is evident in Figure 4.11(D), without any distortions of the posts [34].
4.3.5 Nano-Transfer Printing
Nanotransfer printing provides a simple and effective way to transfer submicrometer
features from one substrate to another, thus increasing the repertoire of nanofabrica-
tion strategies [35]. Using the fluorinated stamp SB2-F, we employed the nanotrans-
fer printing process for gold nanostructures as shown in Figure 4.12(A-C). In this
process, a blank silicon substrate (receiver) and the patterned SB2-F stamp were
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Figure 4.11: SEM images of (A) the thermoplastic resist NXR-1020 on silicon embossed
with the stamp from Figure 4.9(A); (B) the patterned film in B exposed to O2 plasma for
30 s; (C) the patterned film in B exposed to O2 plasma for 60 s; and (D) the thermoplastic
resist embossed with the stamp from Figure 4.9(C).
coated with titanium and gold bilayers (2 mm/20 nm). The thin layer of titanium
acts as an adhesion layer for the top gold layer in both cases. The two gold surfaces
were then put into contact, and the gold on the stamp relief patterns was trans-
ferred to the receiver through cold welding (Figure 4.12(B)). To facilitate conformal
contact between the stamp and the receiver, a backing layer of 4 mm thick PDMS
(Sylgard 184) was added to the SB2-F stamp. Figure 4.12(D) shows the SEM image
of the transferred gold pads ∼1 µm in diameter and 1.7 µm in periodicity) uniformly
over a large area. However, the transfer process is less effective (partial transfer) for
smaller size features (0.6 µm in diameter and 1.1 µm in periodicity), as shown in
Figure 4.12 (E), mostly due to the difficulty in obtaining conformal contact between
the SB2-F and the receiver.
4.3.6 Proximity-Field Nanopatterning (PnP)
The ability of SB2 to replicate submicrometer features and its transparency in the
visible range make it suitable for applications in phase mask lithography. Here, we
demonstrate the use of SB2 as a phase mask to fabricate a 3D nanostructure through
two-photon proximity-field nanopatterning (2ph-PnP) [36]. The fabrication process
is shown in Figure 4.13, top. The phase mask was generated from a photoresist
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Figure 4.12: Top: Process for nanotransfer printing (nTP): (A) Ebeam evaporation of
titanium and gold (2 nmTi/20 nmAu) bilayer onto a substrate (Si) and a patterned SB2-
F stamp. (B) Put the substrate and the stamp into contact. (C) Peel the stamp. Bottom:
SEM images of transferred pattern of gold with periodicity of 1.7 µm (D) and 1.1 µm (E).
pattern on SiO2/Si substrate that consists of a square array of holes with diameter
of 0.66 µm, periodicity of 1.1 µm, and relief depth of 0.40 µm. Blank exposure
with an 800 nm light source through the phase mask generates a 3D optical inter-
ference pattern in the photoactive polymer. The developing process removes the
unexposed regions and creates a well-defined 3D nanostructure in the photopolymer
layer. The SEM images in Figure 4.13(D),(E) show the remarkably well-defined 3D
nanostructure that was fabricated using the SB2 stamp.
4.3.7 Polymeric Master Replicas
An additional advantage of the surface treatment of the PMMS stamps is the ability
to create replicas of the original master. Taking advantage of the polymeric replicas
for further stamp fabrication minimizes damage to the hard master through wear-
and-tear. Using the fluorinated stamp SB2-F, we employed the process highlighted
in Figure 4.14, top. The same process for stamp fabrication described earlier was
employed but using the polymeric stamp as the mold. After curing, the new poly-
meric replica mold composed of SB2 was easily peeled. This process highlights the
fact that the surface treatment process left negligible amounts of thiol-ene functional
groups capable of covalent attachment to the freshly cured SB2. In fact, peeling
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Figure 4.13: Top: Process for proximity-field patterning (PnP). (A) Spin coat a layer of
photopolymer (SU8-10, 10 µm) onto a glass substrate. (B) Bring the patterned SB2 phase
mask into contact with the photopolymer and expose with a 800 nm light source. (C)
Remove the phase mask, develop unexposed regions to yield 3D nanostructure. Bottom:
SEM images of the 3D nanostructure in (D) tilted view together with cross-section (inset)
and (E) top view.
the replica was not possible without the surface treatment of the patterned PMMS.
The resulting SEM image of the polymeric replica of the master is shown in Figure
4.14(A), bottom. The replicated pattern demonstrates that the high-fidelity fea-
tures of the stamp containing posts are well replicated, and the polymeric replica
accurately resembles the original master silicon mold shown in Figure 4.14(B), bot-
tom.
4.4 Conclusions
In summary, this manuscript describes the successful pattern replication of resists
through various techniques, reaching sub-100 nm resolution. The polymeric stamps
employed are composed of inexpensive materials based on PMMS and organic cross-
linkers that have a number of advantages when compared to traditional materials.
Surface chemistry modifications lead to hydrophilic stamps that can be functional-
ized with a fluorinating agent to minimize adhesion. These materials are thermally
stable up to approximately 225 oC, as characterized by TGA, do not undergo any
phase transitions between -80 and 200 oC, and are optically clear and transpar-
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Figure 4.14: Top: Replica molding process with a fluorinated release layer in SB2-F.
(B) cast thiol-ene mixture on top of SB2-F and photocure. (B) Peel off the SB2 stamp.
Bottom: (A) SEM image of the SB2 replica of the master and (B) the patterned master
silicon wafer.
ent above 300 nm. These characteristics, along with the outstanding mechanical
properties, render the materials useful in numerous soft lithography applications.
Furthermore, the facile surface chemistry modification, without the destruction of
the nanopatterned structures, opens many options for further processing strategies.
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CHAPTER 5
NANOPOST PLASMONIC CRYSTALS
This chapter was published as ”Nanopost Plasmonic Crystals”. Reproduced with
permission from Truong, T. T.; Maria, J.; Yao, J.; Stewart M. E.; Lee, T.-W.;
Gray, S. K.; Nuzzo R. G. and Rogers, J. A. Nanotechnology, 20, 434011 (2009).
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Nanopost Plasmonic Crystals
We describe a class of plasmonic crystal that consists of square arrays of nanoposts
formed by soft nanoimprint lithography. As sensors, these structure show some-
what higher bulk refractive index sensitivity for aqueous solutions in the visible
wavelength range as compared to plasmonic crystals consisting of square arrays of
nanowells with similar dimensions, with opposite trends for the case of surface bound
layers in air. Three-dimensional finite-difference time-domain simulations quantita-
tively capture the key features and assist in the interpretation of these and related
results.
5.1 Introduction
Surface plasmon resonance (SPR) sensors based on nanostructured metal films have
gained much attention recently, due primarily to their potential to enable label-
free biological and chemical detection [1–4]. Such sensors utilize optical excitation
of surface plasmons, which provide evanescent electromagnetic surface waves at
dielectric-metal boundaries [1, 2, 5, 6]. The properties of these modes can, as a
result, be extremely sensitive to changes in the refractive index near the metal sur-
face. The Kretschmann configuration using a prism coupler is the most common
setup to excite surface plasmons in flat metal films [1, 2]. Sensors with this design
have, however, disadvantages due to their limited throughput, high cost and prob-
lems that can arise from wear associated with repeated mechanical contact [1, 7–11].
Recent studies indicate that metal-dielectric interfaces with periodic corrugations
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provide an alternative coupling strategy that offers the ability for fabrication by
high speed processes such as injection molding and hot embossing [9, 11]. Our
own work shows that soft nanoimprint lithographic techniques can yield quasithree-
dimensional (quasi-3D) plasmonic crystals [8, 10] and full three-dimensional (3D)
integrated plasmonic crystals [7] based on periodic arrays of cylindrical nanowells
embossed in a polymer film that is subsequently coated by blanket deposition of
gold layer via electron beam evaporation or sputtering deposition. These structures
provide sensors with high sensitivity in quantitative multispectral modes as well as
one and two-dimensional (1D and 2D, respectively) imaging capabilities in the near
infrared and visible wavelengths, even with broadband, unfiltered light sources such
as those associated with a conventional optical microscope [7, 8].
In this paper, we examine a related type of plasmonic crystal that consists of periodic
arrays of nanoposts, also formed by soft nanoimprint lithography. We demonstrate
that these crystals show enhanced sensitivity to changes in bulk index of refrac-
tion in aqueous solution in the visiblewavelength range compared to corresponding
structures of nanowells [7]. The opposite behavior is observed for sensitivity to thin
film binding events. We use 3D finite-difference time-domain (FDTD) simulations
to provide quantitative insights into these and other behaviors.
5.2 Experimental Section
5.2.1 Materials
Unless otherwise specified, reagents were used as received without further purifica-
tion. Poly(dimethysiloxane) (soft PDMS, Sylgard 184, Dow Corning) was purchased
from Ellsworth Adhesives. Components for hard PDMS, including (25-30 % methyl-
hydrosiloxane) -(dimethylsiloxane) copolymer (HMS-301), (7-8 % vinylmethylsilox-
ane) -(dimethylsiloxane) copolymer (VDT-731), platinum -divinyltetramethyl dis-
iloxane complex in xylene (SIP6831.2) and (1,3,5,7-tetravinyl -1,3,5,7-tetramethyl
cyclotetrasiloxane) (SIT7900.0), were purchased from Gelest. Fluorinated acry-
late oligomer (CN4000, MW = 1,000 g mol−1) was purchased from Sartomer Com-
pany. Photoinitiator Darocur 4265, which contains 50% of 2,4,6-trimethylbenzoyl-
diphenyl -phosphineoxide and 50% of 2-hydroxy-2-methyl-1-phenyl -propanone, was
purchased from Ciba Specialty Chemicals. Photocurable polyurethane (PU, NOA
73) was purchased from Norland Products. Poly(ethylene glycol) solutions (1.4-
5.6 %) were prepared with deionized (DI) water (18MΩ) generated using Millipore
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Milli-Q Academic A-10 system.
5.2.2 Fabrication of Nanopost Plasmonic Crystals
Figure 5.1 schematically illustrates the fabrication processes for both the nanopost
(route (a)) and nanowell (route (b)) 3D plasmonic crystals. Both cases start with
a pattern of photoresist (i.e. ’master’) on a SiO2/Si substrate, in the geometry of a
square array of cylindrical nanowells with diameters of ∼480 nm and relief depths
of ∼350 nm, and a periodicity of ∼780 nm. The nanopost fabrication requires three
consecutive molding steps and uses previously reported drop casting and photocur-
ing procedures [12] to form an acryloxy perfluoropolyether (a-PFPE, CN4000) mold
with a poly(ethyleneterephtalate) (PET) film as a backing support. As reported
previously, a-PFPE, due to its low surface energy, relatively high Young’s modu-
lus and good chemical resistance, enables high resolution patterning in various soft
lithographic processes without the need of fluorination treatment required for more
widely used materials such as poly(dimethylsiloxane) [12]. This a-PFPE/PET mold
was used in a second molding step to make a hard PDMS (h-PDMS)/soft PDMS
(s-PDMS) composite mold that replicates the original nanowell array structure of
the master. In particular, the process includes spin casting and thermally curing
at 65 oC for 2 min a thin layer of h-PDMS (∼20 µm thick) prepolymer with a
thicker layer of s-PDMS (∼4 mm thick) as a backing support against the surface of
the a-PFPE/PET mold [12, 13]. The third molding step involved drop casting and
photocuring of polyurethane (NOA 73) on glass [10] against the h-PDMS/s-PDMS
mold to produce a reverse replica of the master, i.e. a structure of square arrays of
cylindrical nanoposts.
The fabrication process for the nanowell plasmonic crystal consists of two molding
steps. The first step began with the preparation of the h-PDMS/s-PDMS composite
mold directly from patterned PR on a SiO2/Si substrate. The resulting h-PDMS/s-
PDMS composite mold, which consisted of a square array of cylindrical nanoposts,
was used in a second molding step to emboss a square array of nanowells on a layer
of NOA.
Blanket deposition of a layer of gold (∼35 nm thick) by sputtering (ATC 2000 cus-
tom four gun co-sputtering system, AJA International) in 5 mTorr of Argon on the
molded layers of NOA completed the fabrication of both the nanopost and nanowell
plasmonic crystals.
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Figure 5.1: Schematic illustration of the fabrication of nanopost (route (a)) and nanowell
(route (b)) plasmonic crystals. The master is composed of photoresist (PR) patterned
into a square array of nanowells (diameter D 480 nm, periodicity P∼780 nm and relief
depth RD∼350 nm) on a silicon substrate (Si). Route (a): drop casting acryloxy per-
fluoropolyether (a-PFPE) and curing under UV light with a poly(ethylene terephthalate)
(PET) backing support forms an a-PFPE/PET composite mold. Casting and curing
h-PDMS and s-PDMS against the a-PFPE/PET mold forms an h-PDMS/s-PDMS com-
posite mold consisting of nanowells. Molding a UV-curable polyurethane (PU) with this
mold generates the PU replica with nanoposts; route (b): casting and curing h-PDMS and
s-PDMS against the original master with nanowells forms the h-PDMS/s-PDMS compos-
ite mold with nanoposts. Molding PU with this mold under UV light creates a PU replica
with nanowells. Deposition of a 35 nm thick layer gold by sputtering completes the fab-
rication of both the nanopost and nanowell plasmonic crystals.
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5.2.3 Transmission-mode Spectrophotometry
Transmission spectra of both types of plasmonic crystals were measured with a Var-
ian 5G UV-Vis-NIR spectrophotometer operating in normal incidence transmission
mode. Injection of solutions of poly(ethylene glycol) with different concentrations
(0-5.6 wt%) into a flow cell of PDMS built around the plasmonic crystals [8] using
a syringe pump at the rate of 0.1 ml min−1 led to changes in refractive index sur-
rounding the plasmonic crystals. Transmission measurements collected during this
process revealed the multispectral plasmonic response of both types of crystals to
changes in bulk, surrounding index of refraction.
5.2.4 Microfluidic Patterning of Plasmonic Crystals
Single channel microfluidic devices with channel widths of ∼80 µm were formed
by casting and curing PDMS against a pattern of photoresist on a silicon wafer.
Pieces of PDMS formed in this manner were placed into conformal contact with
the plasmonic crystals. While in contact, the resulting microfluidic channels were
filled with a 0.17 mg ml−1 solution of fibrinogen in phosphate buffered saline (PBS)
using the channel outgas technique [14]. After incubating for 1 h, the channels were
rinsed with buffer and the PDMS elements were removed. The crystals were then
sequentially rinsed with PBS and water and dried under a stream of nitrogen.
5.2.5 Two Dimensional Spatial Imaging of Protein Patterned Plasmonic
Crystals
Transmission mode images of the crystals with patterns of protein formed according
to the procedures described above were acquired using an AX-70 upright microscope
(Olympus) equipped a Magnafire CCD (Optronics) that has an 1280×1024 array of
imaging pixels, each of which is 6.7×6.7 µm. The sample was illuminated with white
light at normal incidence and the zero-order transmitted light was collected with a
20× objective and projected onto the CCD. Considering the collection optics, the
resolution of this imaging system is 2 µm. The raw images had smooth variations
in brightness as a function of distance from the center of the image. This uneven
illumination was removed by background correction.
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5.2.6 Finite Difference Time Domain (FDTD)
The FDTD method was used to model the transmission spectra and electromag-
netic field distributions [15, 16] of both types of plasmonic crystal. The post and
well arrays were defined in a gold film parallel to the xy plane, with air or water on
the top side and polymer on the bottom side. Periodic boundary conditions were
applied at the edges of the xy plane (for all z) and perfectly matching layers were
used in the upper and lower z grid boundaries to absorb waves exiting the simula-
tion box. The total field/scattered field method [15] was used to inject a linearly
polarized, broad band light pulse into the system propagating along z from the top
side toward the bottom side of the gold film. A Drude plus two-pole Lorentzian
model for the complex, frequency-dependent gold permittivity was employed [17],
with parameters fit to empirical dielectric constant data. Details of the implemen-
tation can be found elsewhere [18]. The frequency-resolved electric and magnetic
fields were obtained with time-to-frequency Fourier transforms. The normal of the
corresponding Poynting or flux vector was integrated across the xy-plane in the
polymer region to obtain the transmission spectra. The calculations involved evenly
spaced grids in x, y and z with grid spacings of 4 nm. The nanopost calculations
involved Nx×Ny ×Nz = 184× 184× 750 total grid points and the nanowell ones
involved 190× 190× 750 total grid points. Propagations were carried out for 150 fs.
5.3 Results and Discussions
Figures 5.2(a) and 5.2(b) show scanning electron micrographs (SEM) of the nanopost
and nanowell plasmonic crystals, respectively. The high magnification SEM images
in the insets show the cross sections of the embossed polymeric nanoposts and
nanowells and their respective diameters. Although both structures were fabricated
from a single master, their feature sizes are slightly different: the nanopost plas-
monic crystal has cylindrical posts with diameters of 520 nm and periodicities of
736 nm whereas the nanowell one has cylindrical wells with diameters of 480 nm and
periodicities of 760 nm. Different levels of shrinkage associated with the different
fabrication steps can account for these observations [12]. Atomic force microscopy
(AFM) images in the top frames of figures 5.2(c) and 5.2(d) provide additional views
of the geometries of the nanopost and nanowell structures. The linecuts in the bot-
tom frames reveal heights of 325 nm and 340 nm for the nanoposts and nanowells,
respectively.
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Figure 5.2: Scanning electron microscope (SEM) ((a) and (b)) and atomic force microscope
(AFM) images ((c) and (d)) of the nanopost ((a) and (c)) and nanowell ((b) and (d))
plasmonic crystals. The insets in (a) and (b) show high magnification SEM images of
the cross-section views. The nanopost sample shows posts with a diameter of 520 nm
and a periodicity of 736 nm, while the nanowell sample shows wells with a diameter of
480 nm and a periodicity of 760 nm. The graphs in (c) and (d) show the height analysis
across an array of nanoposts (c) and nanowell (d). The relief depths for the nanoposts
and nanowells are shown to be 325 nm and 340 nm, respectively.
To evaluate the optical properties, we measured and calculated the zero-order, nor-
mal incidence transmission spectra in both air and water. The results appear as
dashed and solid lines, respectively, in the graphs of Figure 5.3. Figures 5.3(a) and
5.3(b) show transmission spectra for nanopost and nanowell crystals in air. Figures
5.3(c) and 5.3(d) correspond to transmission spectra for those crystals in water.
In the case of the nanoposts, good agreement between experiment and calculation
was obtained by using a 32 nm gold layer for the nanopost top with 10 nm sidewalls,
and a 20 nm gold layer for the bottom film. For the nanowells, we used a 36 nm
gold layer for the top film, and a 20 nm gold layer for the nanowell bottom with
12 nm sidewalls. All of these thickness values are within uncertainties of those
measured directly by transmission electron microscopy (TEM) as shown in Figure
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Figure 5.3: Experimental (dashed line) and modeling results (solid line) for normal in-
cidence transmission spectra in air ((a) and (b)) and water ((c) and (d)) for nanopost
((a) and (c)) and nanowell ((b) and (d)) 3D plasmonic crystals. The calculated spectra
were generated from quantitative electrodynamics modeling. For the nanopost sample a
periodicity of 736 nm, a diameter of 520 nm, a relief depth of 324 nm and a thicknesses of
gold of 32 nm on top, 20 nm on bottom and 10 nm on the post sidewall were used in the
modeling while for the nanowell sample a periodicity of 760 nm, a diameter of 480 nm, a
relief depth of 340 nm and a thicknesses of gold of 36 nm on top, 20 nm on the bottom
and 12 nm on the sidewall were considered.
5.4 for nanoposts as well as in previously reported data for nanowells [7]. Diagrams
of the structures used for modeling appear in Figure 5.5.
The bulk refractive index sensitivity of both of these crystals was measured by
sequentially injecting aqueous solutions of poly(ethylene glycol) (PEG, M = 10,000)
with increasing concentrations (0-5.6 wt%) over the crystals through a fluid flow
cell as described previously [7, 8, 19]. For a given temperature there is a linear
relation between the wt% and the solutions refractive index (RI). At 298 K, 0 wt%
(pure water) corresponds to an RI of 1.332 and 5.6 wt% corresponds to an RI of
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Figure 5.4: Transmission electron micrographs (TEM) of the cross section of a nanopost
plasmonic crystal. The top frame shows a typical cross section. The lower frames present
high magnification TEM images showing the thickness of the sputtered gold on (a) the
top of the crystal (∼35 nm), (b) the sidewall (∼10-14 nm) and (c) the bottom of the
nanoposts (∼25 nm)
1.340. Transmission spectra collected over time show changes in peak positions
and intensities as the refractive index of the solution is increased. The series of
difference spectra were then referenced and normalized to the spectrum at time
t = 0. Figures 5.6(a) and 5.6(b) show the normalized changes in transmission
in visible range (355-800 nm) as solutions of increasing PEG concentration were
passed through the nanopost and nanowell plasmonic crystals, respectively. The
nanopost structure (made from the same master) exhibits the greater sensitivity,
particularly in the 700-800 nm wavelength range. The integrated response over a
band of wavelengths is calculated by
R =
∫ |∆(%T (λ))|
Tbaseline
dλ =
∫ |Tsolution − Tbaseline|
Tbaseline
dλ (5.1)
where Tsolution is the observed transmission in a given solution and Tbaseline is the
transmission in pure solvent, i.e. water [19]. Figures 5.6(c) and 5.6(d) show the
responses computed by integrating the data of Figures 5.6(a) and 5.6(b) over the
entire wavelength range. This integrated response depends linearly on changes in
the refractive index of the PEG solutions as shown in the Figures 5.6(c) and 5.6(d)
insets. We define the sensitivity to be the slope of the response versus refractive
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Figure 5.5: Schematic diagram of the unit cell cross section used in the FDTD modeling
of (a) a nanopost plasmonic crystal and (b) a nanowell plasmonic crystal. The nanopost
crystal has a periodicity of 736nm, with a nanopost diameter of 520nm and nanopost
depth of 325nm. Gold thicknesses of 32nm on the top, 20nm on the sidewall and 10nm
on the bottom of the nanopost were used for the modeling. The nanowell crystal has a
periodicity of 760nm, with a nanowell diameter of 480nm and nanowell depth of 340nm.
The thicknesses of gold on the nanowell top, bottom and sidewall were 36nm, 20nm and
12nm, respectively. The refractive indexes of the polymer, air and water are 1.56, 1.00
and 1.33, respectively.
index change curve. The measured sensitivities are 1100±100 nm/RIU (RIU defined
as refractive index unit) and 660±60 nm/RIU for the nanopost and nanowell cases,
respectively. This result corresponds to an increased sensitivity of ∼70% for the
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nanopost crystal. The red curves in the insets of figures 5.6(c) and 5.6(d) correspond
to the calculated integrated responses and lead to sensitivities of ∼1900 nm/RIU
and ∼1200 nm/RIU for the nanopost and nanowell cases, respectively. While these
sensitivities are somewhat larger than the experimental ones, they confirm that the
nanopost crystals are more sensitive than the nanowell ones in the case of bulk
solutions with refractive indices near the water’s refractive index.
Figure 5.6: Multispectral plasmonic response in the wavelength range of 355-800 nm of
a nanopost plasmonic crystal ((a) and (c)) and of a nanowell plasmonic crystal ((b) and
(d)) to sequential injections of increasing concentrations of aqueous polyethylene glycol
(PEG) solutions. ((a) and (b)) color contour plots of the change in transmission (T ) as
a function of wavelength and time with the corresponding injected PEG concentrations.
((c) and (d)) integrated response as a function of time over 355-800 nm. The insets show
the linear correlation between the integrated responses and the changes in refractive index
of the PEG solutions. The red and blue lines show experimental and modeling results,
respectively.
The structured transmission spectra in figures 5.3(a)-(d) arise due to a variety of
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plasmonic effects, as discussed in previous work [1, 5, 8, 15]. The broad spectral
feature in the 400-600 nm range is the characteristic transmission associated with
a thin gold film. The structures at longer wavelengths are due to a variety of plas-
monic and diffractive features. These features include localized surface plasmons
(LSPs) associated with the component nanoposts or nanowells. Superimposed on
broad LSP resonances, or possibly isolated from them, can be features that de-
pend strongly on the periodicities of the structures: Bloch wave surface plasmon
polaritons (BWSPPs) and diffractive Wood (or Rayleigh) anomalies (WAs). Sim-
ple formulae [15] can be used to predict the positions of these periodic features,
but there can be overlapping and coupling of, e.g., LSPs and BW-SPPs, which can
complicate clear assignments. Time-to-frequency Fourier transforms of the electric
field from our FDTD calculations at specific frequencies (or wavelengths) of inter-
est provide insights into the nature of the electromagnetic near-fields, as illustrated
in figure 5.7. The z-component of the electric field, Ez , is interesting because it
can only arise from scattering or plasmonic effects since the incident light is polar-
ized along a transverse direction (x). Figure 5.7(a) shows the calculated |Ez|2 at
the wavelengths of 616, 707 and 753 nm for the nanopost plasmonic crystal while
figure 5.7(b) shows the calculated |Ez|2 at the wavelengths of 707 and 773 nm for
the nanowell crystal. The wavelengths employed are those associated with minima
in the transmission spectra which often correlate with regions of strong absorption
by the crystal. These plots show that the three transmission minima exhibited by
the nanopost structure and the two transmission minima exhibited by the nanowell
structure have strong LSP contributions at the top and bottom rims of the nanopost
and nanowell, respectively. The 3D images of the computed electromagnetic field
intensisties for nanopost and nanowell appear in figure 5.8. By comparing the in-
tensity of the electromagnetic fields, we see that the nanopost structure exhibits
stronger LSPs than the nanowell structure for most of the computed wavelengths.
This fact in combination with the extra peak presented by the nanopost plasmonic
crystal accounts, at least partly, for the increase in sensitivity in the visible range
for this type of crystal.
The increase in the bulk refractive index sensitivity at visible wavelengths for nanopost
plasmonic crystals suggests an expected enhancement in monitoring surface bind-
ing events using an optical microscope, as reported previously [7, 8]. Transmission
mode imaging of a patterned, nonspecifically adsorbed protein, shown in figures
5.9(a) and (b), was conducted to explore this possibility. The results show that the
nanopost crystals have somewhat smaller contrast than nanowell crystals (∼0.045
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Figure 5.7: (a) Calculated electric field intensities, |Ez|2, for the nanopost plasmonic crys-
tal in an aqueous solution associated with the resonances in transmission at wavelengths
∼616, ∼707, and ∼753 nm; (b) calculated electric field intensities, |Ez|2, for the nanowell
plasmonic crystals in an aqueous solution associated with the resonances in transmission
at the wavelengths ∼707 and ∼773 nm.
(au) for nanoposts versus ∼0.065 (au) for nanowells). Note that in this experiment
we have air (not water) above the protein layer. The effective refractive indices
that result from a thin protein layer (RI = 1.65) and a semi-infinite air layer (RI =
1) are unlikely to be close to that of water (RI = 1.33) and so different plasmonic
resonances are likely playing a role in this case; their spatial extent of overlap be-
tween these resonances and the ’analyte’ is also different. To confirm the imaging
data, a thin layer of protein (10 nm) with a refractive index of 1.65 was used in
FDTD calculations. Figures 5.9(c) and (d) show the calculated normal incidence
transmission spectra of nanopost and nanowell crystals with and without protein
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Figure 5.8: Three-dimensional images of the computed electromagnetic field intensities for
(a) the polymer/nanopost/water system associated with the resonances in transmission
at ∼616, ∼707, and ∼753 nm; (b) the polymer/nanowell/water system associated with
the resonances in transmission at ∼707, and ∼773 nm.
films and the difference between those spectra. The changes in transmission within
the visible range (355-800 nm) shown in the green curves are smaller in the case of
nanopost than nanowell crystals. Calculations carried out by slightly varying the
protein’s layer RI allow us to estimate a sensitivity of ∼2400 nm/RIU for nanopost
crystals and a sensitivity of ∼4400 nm/RIU for nanowell crystals. These results are
thus consistent with the experimental imaging measurements in air.
Finally, to explore the degree to which different optical properties of the nanopost
and nanowell plasmonic crystals are due to different overall geometry (i.e. nanopost
versus nanowell), compared to differences in corresponding dimensions discussed
previously or to variations in the thickness of the gold, we spin cast a layer of
polyurethane on top of the embossed side of both plasmonic crystals and cured it
under UV light. This process yielded two samples with the same nominal geometry,
as represented in the schematic illustration at the bottom of figure 5.10. Since the
plasmonic crystals are fabricated from the same master they should, in principle, be
symmetric, because the conformal gold layer in both samples is surrounded on both
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Figure 5.9: Transmitted-light images of a protein, fibrinogen, nonspecifically adsorbed to
the surfaces of nanopost (a) and nanowell (b) plasmonic crystals. The bottom curves show
the measured light intensity contrast from the protein regions. The nanopost crystal has
a periodicity of 745 nm, a nanopost diameter of 545 nm and a nanopost relief depth of
345 nm while the nanowell crystal has a periodicity of 765 nm, a nanowell diameter of
560 nm and a nanowell relief depth of 320 nm. Frames (c) and (d) show the calculated
normal incidence transmission spectra in air without protein (black curves), with a thin
layer of protein (∼10 nm) (red curves) and the spectral difference (green curves) for the
nanopost and nanowell plasmonic crystals described in figure 5.3.
sides by NOA. Figure 5.10(a) shows that the experimental transmission spectra of
nanopost and nanowell plasmonic crystals in cured polyurethane are qualitatively
similar, but with some notable differences, most likely due to differences in feature
sizes and gold thicknesses resulting from the molding and deposition processes. Cal-
culated transmission spectra shown in figure 5.10(b) confirm behaviors similar to
those of the experimental data.
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Figure 5.10: Comparison of the transmission spectra of a ’similar configuration’ of
nanopost and nanowell plasmonic crystals with cured polyurethane (PU) on top. Frame
(a) shows the experimental data. Both of the samples were prepared by spin coating and
UV curing a thin layer of polyurethane (PU, NOA-73). Frame (b) shows the calculated
data. The geometries of the samples are shown in bottom diagrams. In those configura-
tions, the light sees the relief structure of gold in the same way since both top and bottom
materials are polyurethane.
5.4 Conclusions
In summary, we have described a class of plasmonic crystal containing square arrays
of nanometer scale posts and used finite-difference time-domain (FDTD) calcula-
tions to model the optical properties. The experimental and modeling data confirm
an increase in bulk refractive index sensitivity for aqueous solutions in the visible-
wavelengths of 70% for these crystals compared to similar structures that consist
of square arrays of nanowells. Opposite trends are observed for thin film binding
events in air. The results suggest that nanopost and nanowell crystals might offer
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complementary advantages in biosensing and imaging with visible light.
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CHAPTER 6
OPTIMIZATION FOR REFRACTIVE INDEX SENSING
This chapter was published as ”Optimization of 3D Plasmonic Crystal Structures
for Refractive Index Sensing”. Reproduced with permission from J. Maria, T. T.
Truong, J. Yao, T.-W. Lee, R. G. Nuzzo, S. Leyffer, S. K. Gray and J. A. Rogers,
Journal of Physical Chemistry, C, 113, 10493-10499 (2009). Copyright 2009 Amer-
ican Chemical Society.
Optimization of 3D Plasmonic Crystal Structures for Refractive Index
Sensing
We study the refractive index sensitive transmission of a 3D plasmonic crystal that
consists of a square array of subwavelength cylindrical nanowells in a polymer con-
formally coated with a gold film. Using extensive 3D finite-difference time-domain
simulations, we investigate the effect of system parameters such as periodicity, well
diameter and depth, and metal thickness on its refractive index sensitivity. These
theoretical results are also confirmed experimentally in some cases. Our calculations
predict an enhancement in sensitivity by an order of magnitude when the plasmonic
crystal characteristics are optimized.
6.1 Introduction
The optical properties of metallic nanostructures continue to be the focus of much
research. Such systems, ranging from isolated metal nanoparticles to precisely fabri-
cated arrays of metal nanoparticles and subwavelength apertures in metal films can
exhibit strong optical responses near certain wavelengths often associated with sur-
face plasmon excitations [1–10]. Surface plasmons are collective excitations of free
electrons near metal surfaces that produce intense light localized near the metal
surface. These ”plasmonic” properties are relevant to chemical sensing applications
[8–10]. Two well-established chemical sensing approaches making use of surface
plasmons are the surface plasmon resonance (SPR) technique which involves thin
metal films [9] and surface enhanced Raman scattering (SERS) on rough metal films
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or related structures [10].
Recently, we have fabricated and characterized certain plasmonic crystal structures
involving a polymer film with a pattern of imprinted wells on one side and a metal
(gold) film deposited on the patterned side [1, 11]. As with the pioneering work of
Ebbesen et al. on arrays of subwavelength wells in metal films [12], these systems
can exhibit very structured transmission spectra with peaks corresponding to a sur-
prising amount of optical transmission. The plasmonic crystals we are considering
are somewhat more complex in character, involving not just wells but well struc-
tures with metal also being deposited on the bottom and/or sidewalls of the original
polymer well. This complexity provides additional system parameters that can be
varied to fine-tune the optical response.
The optimization of system parameters for, say, refractive index (RI) sensing pur-
poses is a challenging problem because there are a variety of variables such as the
well diameter, depth, and metal thickness, to be considered. It is difficult to predict,
based on simple physical principles involving the individual components, what the
full systems optical response would be. However, rigorous electrodynamics simula-
tions can be used for such purposes. In this work, we carry out extensive finited-
ifference time-domain (FDTD) modeling of the plasmonic crystal configuration of
Figure 6.1 and compare the calculated results with experimental ones, where avail-
able. In particular, we predict how the figure-of-merit (FOM) for RI sensing can be
increased by an order of magnitude with a suitable choice of system parameters.
6.2 Experimental and Computational Methods
6.2.1 Materials
Poly dimethylsiloxane (soft PDMS; Dow Corning, Sylgard 184) was purchased from
Ellsworth Adhesives. The components [13] used in the hard PDMS formulation
were purchased from Gelest. Photocurable polyurethane (PU; NOA73) was pur-
chased from Norland Products. All reagents were used as received without further
purification. Polyethylene glycol buffer solutions (PEG) (0-7.6 wt %) were prepared
with 18 MΩ deionized water (Millpore Milli-Q Academic A-10 system).
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6.2.2 3D Plasmonic Crystal Fabrication
Soft nanoimprint lithography on an NOA layer with composite h-PDMS/s-PDMS
molds [14] in the geometry of square arrays of cylindrical posts was used to fabri-
cate patterned relief structures of nanowells [1, 15]. A continuous layer of gold was
deposited on the embossed NOA by sputter deposition in 5 mTorr Ar (ATC 2000,
AJA International).
6.2.3 Transmission-Mode Spectrophotometry
All optical transmission measurements of the 3D plasmonic crystals were carried
out on a Varian 5G UV-Vis-NIR, operating in normal incidence transmission mode.
Solutions were injected into a flow cell built around the plasmonic crystal using a
syringe pump at a rate of 0.1 mL/min.
6.2.4 FDTD Calculations
The finite-difference time-domain (FDTD) method was used to model the optical
properties of the 3D plasmonic crystals [16, 17]. In this approach, the electric and
magnetic fields describing light interacting with the system are propagated in time
according to Maxwells equations, and relevant observables such as the zero-order
transmitted light are inferred. A single unit cell is considered, with appropriate peri-
odic boundary conditions to describe an infinite square array, and uniaxial perfectly
matching layers [16] at the z grid boundaries are used to absorb the outgoing field
components. The computational domain consists of a square of P/δx × P/δy grid
points centered on the nanowell (P is the grating periodicity in nm) in the x-y plane
and 750 grid points in z, with a resolution of δx = δy = δz = 4nm. Each calculation
is carried out for a total simulation time of 150 fs. Test calculations with smaller
grid spacings and larger simulation times indicated that the results are converged.
The initial excitation of the system by a timewindowed plane wave is carried out
using a total field/scattered field formulation [16] with boundary 600 nm below the
bottom surface of the film. The materials are defined by assigning to spatial regions,
where they occur, appropriate relative dielectric constants, εR, or equivalently, re-
fractive index n = εR
1/2. We use: n = 1.56 for NOA; n = 1.332 for water; n =
1.3336, 1.3357, and 1.3377 for the 1.4, 2.8, and 4.2 wt % PEG solutions, respec-
tively. In the case of gold, it is important to include its wavelength dependence,
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εR = εAu(λ). This is described by a Drude plus two-pole Lorentz representation
with parameters fit [16–19] to match experimental permittivity data [20] over the
range 400-1000 nm. The Drude parameters are ε∞ = 5.40, γD = 0.1077 × 1015Hz
and ωD = 0.1331 × 1017Hz and Lorentz parameters are ωL1 = 0.4897 × 1016Hz
and ωL2 = 0.4147 × 1016Hz, γL1 = 0.4358 × 1015Hz and γL2 = 0.4175 × 1015Hz,
gL1 = 0.6011 and gL2 = 0.3989, and δε = 1.8094. An auxiliary differential equations
approach, which introduces additional polarization vectors that are equivalent to
the Drude-Lorentz model, is then employed [16, 19]. The zero-order transmission is
obtained by calculating the flux of the electromagnetic energy through the x-y plane
zT = 800 nm above the top surface of the film, and normalizing it with the appro-
priate incident flux. Note that in order to obtain just the zero-order (or zero angle
of deflection) contribution, the electric and magnetic fields in the flux or Poynting
vector must be first averaged over the x-y plane as discussed in ref [21].
Owing to the large 3D grids required to describe the system, a typical FDTD cal-
culation with parameters as described above can require up to 6 h of clock time
running on 128 (2 GHz) processors of a parallel computer.
6.3 Results and Discussions
A set of plasmonic crystals with periodicities ranging from 400 to 1152 nm, diam-
eters from 156 to 456 nm, relief or well depths from 300 to 600 nm and well film
thickness from 0 to 150 nm were studied both theoretically and, in some cases, ex-
perimentally. The basic system structure (Figure 6.1) is that of ref [1]. It differs
from that of our first plasmonic crystal structure [11] in that there is a conformal
coating of metal formed by sputter deposition over the embossed polymer side. The
quasi-3D plasmonic crystal was formed by depositing a metal by electron beam
(ebeam) evaporation, which created a gold nanowell array with a separate level of
disks in the bottom of the embossed nanowells. The new structure was found to
be somewhat more sensitive, particularly in the visible, than the original structure,
which had very little metal on the nanowell sidewalls consisting mainly of a pileup
of gold grains around the disks at the bottom of the nanowells [11].
For the experiments, large area and spatially uniform square arrays of cylindri-
cal nanowells were embossed in a polymer by soft nanoimprint lithography and
a thin continuous layer of gold was deposited by sputter deposition at ∼5 mTorr
to complete the plasmonic crystal fabrication process. The top frame of Figure
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6.1(A) shows a scanning electron microscopy (SEM) image of a plasmonic crystal
with periodicity of 748 nm and a well diameter and well depth of 456 and 350 nm,
respectively. The middle frame of Figure 6.1(A) shows a transmission electron mi-
croscopy (TEM) image of the same plasmonic crystal. This image, together with
the TEM images on the bottom frame of Figure 6.1(A), allows the characterization
of the gold layer geometry. A gold thickness of 35 nm on the top of crystal, 12 nm
on the sidewall, and 20 nm on the bottom of the nanowells was measured. Figure
6.1(B) shows a schematic diagram of the unit cell used in the modeling; Region I
represents the polymer, Region II consists of the gold geometry as inferred from
the TEM images, and Region III represents a region of variable index of refraction,
e.g., water or a polyethylene glycol (PEG) solution. The plane wave is launched
from region I (NOA) and the transmission spectrum is calculated in Region III (the
solution).
6.3.1 Relief Depth
Figure 6.2(A) shows the experimental and FDTD calculated normal incidence trans-
mission spectra for the sample of Figure 6.1(A) when in contact with water. The
periodicity, diameter, and relief (or well) depth for this base system are 748, 456,
and 350 nm, respectively. Owing to our grid resolution (4 nm), it is not possible to
exactly match the various gold layer thicknesses in Figure 6.1(A). Instead, the the-
oretical calculations employ top, bottom, and sidewall thicknesses of 32, 16, and 8
nm, respectively. The calculated spectrum captures the main experimental spectral
features, although some differences start to be noticeable in the longer wavelength
region. This can probably be explained by the fact that the full 3D FDTD calcula-
tions did not include the water absorption effect, which becomes important for λ >
1000 nm. The peak structure near 500 nm corresponds to the background thin film
transmission. Other peak structures, as in previous work [1, 11, 17], are due to local
surface plasmon (LSP) resonances associated with nanowells and Bloch wave surface
plasmon polaritons (BW-SPPs), which are standing waves formed from counter-
propagating surface plasmon polaritons. Fourier transforms of the time-evolving
electric fields from our calculations on specific frequencies can yield information
about the character of the resonances. In the present examples it turns out that it
is difficult to find isolated BW-SPPs and that most peaks are LSPs or combinations
of LSPs and BW-SPPs with a strong LSP character.
Figure 6.2(B) shows calculated normal incidence spectra for a series of plasmonic
crystal samples with the same periodicity (752 nm), well diameter (456 nm), and
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Figure 6.1: (A) (Top frame) Scanning electron micrograph (SEM) of a 3D plasmonic
crystal with a periodicity of 748 nm, a well diameter of 456 nm, and a relief or well
depth of 350 nm. (Middle frame) Crosssection transmission electron micrograph (TEM)
of the plasmonic crystal showing the polymer nanowell array surface in white covered by a
continuous gold layer in black. (Bottom frame) High magnification TEM images showing
the gold thickness at the top (∼35 nm; left), sidewall (∼12 nm; middle) and bottom (∼20
nm; right) of the nanowell array. (B) Schematic representation of the unit cell used in the
computational electrodynamics modeling. Light is incident from Region I and propagates
in the direction of the gold layer that constitutes Region II. The transmission spectra are
obtained in Region III.
gold thickness (32 nm on the top, 16 nm on the bottom, and 8 nm on the nanowell
sidewalls) as a function of the nanowell relief depth. The resonances at 697 and
794 nm get more intense as the relief depth increases, which can be explained by a
stronger interaction between the gold top surface and the gold disk at the bottom
of the nanowell. To investigate how these changes in the plasmon resonances with
relief depth affect the plasmonic crystals sensitivity, FDTD calculations were car-
ried out for the series of plasmonic crystals in contact with solutions of increasing
refractive index.
Figure 6.3(A) shows the obtained normal incidence transmission spectra for a plas-
monic crystal of 350 nm relief depth for solutions with known RI values ranging
from 1.332 to 1.3377, corresponding to %PEG concentrations ranging from 0 to 4.2
wt %. On the scale of this figure, it is not possible to discern the transmission
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Figure 6.2: (A) Experimental (black) and calculated (red) normal incidence transmission
spectra in water for a plasmonic crystal with a periodicity of 748 nm, diameter of 456 nm,
and relief depth of 350 nm. (B) Calculated normal incidence spectra in water of a series
of plasmonic crystals with a periodicity of 752 nm; hole diameter of 456 nm; and relief
depths of 300 nm (black), 350 nm (red), 400 nm (green), 450 nm (blue), 500 nm (cyan),
and 550 nm (orange), respectively. For the calculated results in (A) and (B), the gold
thickness is 32 nm on the top, 16 nm on the bottom, and 8 nm on the sidewalls.
changes with RI. However, the inset of Figure 6.3(A), depicting a 15 nm region near
a minimum, shows that spectral features do shift in position and magnitude. Such
small changes, if of good fidelity, are indeed used for RI sensing [22–25]. Recently,
however, it was found that a multispectral analysis that accounts for both the wave-
length and intensity-based changes in the transmission spectra is more appropriate
for imaging applications with our type of plasmonic crystal [1, 11]. In this work, we
use this latter approach and calculate the total response of the plasmonic crystal
over all wavelengths with
R =
∫
|∆Tnorm|dλ =
∫
|Tsolution − Tbaseline
Tbaseline
|dλ (6.1)
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In eq 6.1, Tsolution is the observed transmission for a given solution composed of sol-
vent (water) and PEG solute, and the baseline transmission, Tbaseline, is the trans-
mission by the plasmonic crystal in pure solvent (water). The integrand of eq 6.1 is
the normalized change in transmission relative to the pure solvent.
Some additional remarks should be made concerning eq 6.1. Contrary to resonance
wavelength based senors, for example, the sensitivity response of eq 6.1 might actu-
ally improve in the case of broad resonances. A limiting feature of eq 6.1, however,
is that if Tbaseline is small compared to the absolute changes in transmission, the
result might be overly sensitive to Tbaseline.
Figure 6.3(B) shows that this normalized transmission difference, ∆Tnorm, is much
more sensitive to the RI of the solution. Figure 6.3(C) shows the calculated total
response as a function, R, as a function of solution RI. In general, for the small RI
changes, this response is well approximated by a line. The slope of this line is what
we take to be the figure of merit (FOM). In this example, FOM ≈ 1700 nm/RIU,
and we will take this FOM to be the base FOM upon which to improve upon. Two
points should be about eq 6.1, and the FOM values we infer from its variation with
RI. First, while the FOM has units of nm/RIU, it should not be confused with a
spectral resonance position shift with RIU. The nm units arise from integration of
the response over the 400-1000 nm visible-near IR wavelength range of interest. The
second point is that ref [1] used a response measure of just the magnitude of the
transmission difference, as opposed to the normalized transmission difference used
in eq 6.1. Given that it can be difficult to achieve quantitative agreement between
modeling and experimental results in these complex systems, we anticipate that use
of a relative measure might factor out some experimental and theoretical differences
and lead to more comparable FOM values. (The present FOM = 1700 nm/RIU for
our base plasmonic crystal system corresponds to the value of the older FOM of
6000 ∆%T/RIU that was reported in ref [1]).
The same procedure as above was followed to calculate the bulk refractive index
sensitivity of plasmonic crystals with relief depths ranging from 300 to 600 nm, and
the results are shown in Figure 6.4. The sensitivity increases with relief depth until
a maximum sensitivity of 3354 nm/RIU is achieved for a relief depth of 500 nm
after which the sensitivity starts to decrease indicating that there is an optimum
relief depth for the interaction between the top metal layer and the gold disks at the
bottom of the nanowell. Figure 6.4 also presents results for an experimental study of
the sensitivity as a function of relief depth for depths between 300 and 500 nm that
also show an increase in the plasmonic crystal sensitivity. Unfortunately, it was not
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Figure 6.3: (A) Calculated normal incidence transmission spectra of the configuration
described in the caption of Figure 6.2(B), with relief depth 350 nm, for different refractive
index environments in Region III: water (black line), 1.4 wt % PEG solution (red line),
2.8 wt % PEG solution (green line), and 4.2 wt % PEG solution (blue line). Inset:
Magnification of the transmission spectra for wavelengths near ∼790 nm. (B) Plot of
normalized difference transmission spectra calculated using the results from (A) referenced
to the transmission spectrum in water (see eq 6.1). (C) Plot of the total response of the
plasmonic crystal over all wavelengths as a function of the change in refractive index of
the PEG solution. This plasmonic crystal, which we take to be our base system upon
which to improve upon, exhibits a FOM ≈ 1700 nm/RIU corresponding to the slope of
the curve in (C).
possible to obtain larger relief depths than 500 nm to verify that there is a maximum
in this region. While the magnitudes of the experimentally determined FOMs are
comparable to the theoretical ones, they can be smaller by a factor of 2 owing
presumably to various imperfections such as nonuniform metal layer thicknesses.
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Figure 6.4: Calculated sensitivity or figure of merit (FOM) for a series of plasmonic crystals
with configuration as described in the caption of Figure 6.2(B) but for varying relief depth
(solid black squares connected by black lines). The sensitivity is highest for a relief depth
of ∼500 nm. Available experimental results for the relief depth dependence of plasmonic
crystals with comparable configurations are also shown (solid red circles connected by red
lines).
6.3.2 Periodicity and Diameter
A series of plasmonic crystal samples with the same nanowell well diameter (456
nm), relief depth (350 nm), and gold thickness (32 nm on the top, 16 nm on the
bottom and 8 nm on the nanowell sidewalls) but with periodicities varying between
552 nm and 1152 nm were modeled. The FOM for bulk refractive index sensitivity
is ∼2100 nm/RIU for a periodicity of 552 nm and it decreases, in an approximately
linear manner, as the periodicity increases [Figure 6.5(A)], indicating an enhanced
coupling between neighborhood nanowells as the distance between nanowells de-
creases (equivalent to decreasing the periodicity) that causes an increase in the LSP
intensities [26–28]. By periodicity 1152 nm, the FOM is ∼550 nm/RIU.
Increasing the well diameter for a fixed periodicity can have a similar effect to de-
creasing the periodicity since well-to-well interactions also increase. We carried out
FDTD calculations for a constant plasmonic crystal periodicity of 752 nm and in-
creased the well diameter between 156 and 456 nm [Figure 6.5(B)]. The FOM for
bulk refractive index sensitivity ranged from ∼800 nm/RIU at diameter 156 nm to
∼1700 nm/RIU at diameter 456 nm.
Simultaneously varying the periodicity and diameter has a less straightforward ef-
fect. The above results might suggest that simultaneously decreasing the periodicity
and increasing the well diameter would lead to higher FOM values. However, our
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Figure 6.5: (A) Calculated figure of merit (FOM) for a series of plasmonic crystals with a
well diameter of 456nm, a relief depth of 350nm and periodicities of 552nm, 752nm, 952nm
and 1152nm. (B) Calculated figure of merit (FOM) for a series of plasmonic crystals with
a periodicity of 752nm, a relief depth of 350nm and well diameters of 156nm, 256nm,
356nm and 456nm. The gold thickness is 32nm on the top, 8nm on the sidewalls and
16nm on the bottom of the nanowell array for both series of crystals.
best results with the individual variations are already near the physical limit of what
is possible without the system no longer consisting of nonoverlapping wells. Instead,
we chose to investigate the opposite limit of increasing the diameter with decreas-
ing periodicity or, equivalently, decreasing the diameter with increasing periodicity.
Figure 6.6 shows results of calculations for when both the plasmonic crystal period-
icity and well diameter are changed with the diameter being taken to be 0.6 times
the periodicity. Interestingly, a maximum sensitivity of ∼3500 nm/RIU is achieved
for a periodicity of 524 nm and a well diameter of 320 nm, which is 75% better than
our best result concerning individual variations. Figure 6.6 also shows experimental
results for plasmonic crystals with comparable periodicity and diameter variations.
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As with our other comparisons with the modeling results, the experimental FOM
shows similar gross trends and is comparable in magnitude but up to twice as small.
Unfortunately, experimental limitations prevented us from investigating the lower
periodicity and diameter values and confirm the theoretical prediction of a maximum
in the FOM.
Figure 6.6: Simultaneous variation of periodicity and well diameter. The diameter is taken
to be 0.6× the corresponding periodicity. The calculated results have fixed relief depth
350 nm, and top, bottom, and sidewall gold thicknesses of 32, 16, and 8 nm, respectively
(black squares connected by black lines). Available experimental results for comparable
systems are also plotted (solid red circles connected by red lines).
Notice that the experimental FOM in Figure 6.6 increases slightly as the periodicity
increases from 780 to 1000 nm, which is not seen in the calculated results. SEM
images of the plasmonic crystal samples (not shown here) showed that the nanowells
for a periodicity of 580 and 780 nm are cylindrical, while for a periodicity of 1000 nm,
they are rectangular. It is expected that sharper geometries will induce stronger LSP
resonances, which can possibly explain the increase in sensitivity for this periodicity.
6.3.3 Gold Film Thickness
Finally, the effect of the gold thickness on the top, sidewalls and bottom of the
nanowells is considered. FDTD calculations show that by keeping the sidewall and
bottom gold thicknesses (8 nm and 16 nm, respectively) and changing the top gold
thickness, an increase in sensitivity with top gold thickness was seen until it reached
a maximum of ∼3100 nm/RIU for a top gold thickness of 64 nm, for which afterward
it started to decrease [Figure 6.7(A)]. This result is not surprising since it is well
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know that there is an optimal thickness to couple into the plasmons on a thin metal
film that depend on the wavelength and materials involved. For a thin gold film
in contact with a prism and air and wavelengths between 600 and 1000 nm, the
optimum coupling thickness varies between 44 and 50 nm [9, 29].
When the sidewall gold thickness is changed and the top and bottom gold thick-
nesses are kept the same (32 nm and 16 nm, respectively), the sensitivity increases
with gold thickness until a maximum sensitivity of ∼5400 nm/RIU is reached for
a sidewall gold thickness of 96 nm after which the sensitivity begins to decrease
[Figure 6.7(B)]. From classical Mie theory, it is well known that LSP resonances are
extremely sensitive to the size and shape of nanoparticles and nanowells [11, 30]. By
keeping the nanowell diameter the same and changing the sidewall gold thickness,
we are effectively changing the well diameter size and the sidewall gold thickness of
96 nm corresponds to an optimum separation between nanowells.
The effect of the bottom gold thickness [Figure 6.7(B)], when keeping the top and
sidewall thickness constant (32 nm and 8 nm, respectively), on the bulk refractive
index sensitivity is not as large as that with the sidewall gold thickness, since LSP
resonances are not as sensitive to the bottom gold thickness as they are to the
nanowell well diameter.
6.3.4 Optimized Structures
Owing to the large computational effort associated with just one simulation (see
Sec. 6.2), a full optimization of all of the system parameters to maximize the bulk
refractive index sensitivity is difficult to achieve. We decided instead to optimize
aspects of the metal thickness in relation to (i) our optimized relief depth result of
Sec. 6.3.1 and (ii) our optimized simultaneous periodicity-diameter result of Sec.
6.3.2. On the basis of the latter result, a more systematic optimization procedure
is then used to obtain our best estimate for an optimum structure.
Section 6.3.1 showed, for periodicity 752 nm and diameter 456 nm (these param-
eters are close to the ones reported in ref [1]), that a relief depth of ∼500 nm is
optimal. If we take this configuration, but use the optimal gold layer thicknesses
inferred in Sec. 6.3.3 above, 64 nm of gold on the top surface, 96 nm of gold on the
nanowell sidewalls, and 24 nm on the bottom surface, we obtain from our FDTD
calculations a sensitivity of ∼6800 nm/RIU. This result is ∼ 4× higher than the
reported sensitivity in ref1 Although the FDTD calculations allowed us to opti-
mize the plasmonic crystal sensitivity the resulting gold geometry cannot be easily
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Figure 6.7: Calculated figure of merit for a series of plasmonic crystals with periodicity
752 nm, well diameter 456 nm, relief depth 350 nm and gold thickness (A) 8 nm on the
sidewall, 16 nm on the bottom and variable thickness on the top of the nanowell array,
(B) 24 nm on the top, 16 nm on the bottom and variable thickness on the nanowell array
sidewall, (C) 24 nm on the top, 8 nm on the sidewall and variable thickness on the bottom
of the nanowell array.
implemented experimentally. For simplicity, we also investigated use of a uniform
gold layer, i.e. the same top layer, bottom layer and wall thickness. (By sputtering
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gold onto the crystal at an increased pressure, such a uniform gold geometry could
possibly be achieved.) Calculations were carried out to determine to optimal gold
thickness for this case. Figure 6.8(A) shows that a calculated maximum sensitivity
of ≈ 4400 nm/RIU occurs for a uniform gold thickness of ≈ 96 nm. This sensitivity
is ≈ 3 times higher than the reported calculated sensitivity in ref [1]. The calculated
trends in sensitivity as a function of gold thickness were also verified experimentally
as is shown in Figure 6.8(B). We should note that the experimental results in Figure
6.8(B) do not involve the same gold thickness for top, bottom and sidewall layers
but correspond to the proportions consistent with Figure 6.1(A), with the horizontal
axis in Figure 6.8(B) corresponding to the top layer thickness.
When considering the simultaneous variation of periodicity and diameter in Sec.
6.3.2 [e.g., Figure 6.3(A)] it was shown that a relatively large sensitivity can be
obtained for a plasmonic crystal with a periodicity of 524 nm and a well diameter of
320 nm. For simplicity we continue to use a uniform gold layer in our calculations
and consider variation of the FOM with its thickness in Figure 6.8(C). An impres-
sive maximum sensitivity of ≈ 16,600 nm/RIU is obtained for a gold thickness of
96 nm, which is a factor ≈ 10 times higher than the calculated sensitivity reported
in ref [1]. Note that these latter calculations were actually carried out with a relief
depth of 400 nm, which is slightly larger by 50 nm than that used in Sec. 6.3.2. A
more rigorous attempt at finding a true maximum of the FOM with respect to the
relevant parameters now follows.
While informative, the above systematic variations of the various system parameters
may not lead to the most optimal sensitivity. Unfortunately, the complex interplay
between system parameters that we have seen above makes it difficult to proceed
on simple physical grounds. An alternative is to employ optimization techniques to
maximize the figure of merit. However, we cannot apply gradient-based optimiza-
tion methods, because the FDTD simulations preclude the accurate and efficient
computation of derivatives. Thus, we consider using derivative-free optimization,
see, e.g., Conn et al. [31]. We therefore build a surrogate model of our simula-
tion results and use this model to predict the parameter values that lead to the
optimal sensitivity. This process is iterative in character since simulations are run
at the predicted optimal points of the surrogate and the new simulation result is
used to refine the surrogate model and make further predictions. We consider a
system parameter vector x = (x1, x2, x3, x4)
T , where x1 is the well depth, x2 is the
periodicity, x3 is the relief depth, and x4 is uniform metal layer thickness. Given a
current iterate x(k), the sensitivity is then approximated by a quadratic function of
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Figure 6.8: (A) Calculated FOM for the plasmonic crystal assuming a uniform thickness
gold layer covering the nanowell array. (B) Experimental FOM for varying the top gold
layer thickness with the bottom and sidewall thicknesses being in proportions relative to
the top layer similar to Figure 1(A). (C) Calculated FOM for a series of plasmonic crystals
with periodicity 524 nm, well diameter 320 nm, relief depth 400 nm, and a uniform gold
layer.
the form q(x) = q0 + gTx + x
TWx/2 within a trust-region around the current best
parameter vector, denoted by ||x(k) − x|| ≤ δk, where δk is the trust-region radius
and || . . . || denotes the Euclidean norm. Here, q0 is a scalar, g is a vector, and W
104
is a symmetric matrix representing second-order information, and the superscript T
means transposition. The quadratic surrogate, q(x), has 15 parameters (q0, g, and
W), which we fit to our available data. We follow Powell [32] and compute a least-
change Hessian interpolation. Initially, we use a subset of the data points generated
during the coordinate-wise search. At every iteration, the surrogate predicts a new
maximum, and we run the FDTD simulations to obtain the actual sensitivity at this
maximum. If the new point improves the FOM, then we move to this new point,
and recenter the trust-region. Otherwise, we exploit the new value to improve the
surrogate model, by adding this value to the data from which we fit the quadratic.
After eight iterations, we were able to find a new optimal sensitivity of 18 700
nm/RIU, which is a 13% improvement over the result in Figure 6.8(C). This new
optimum corresponds to x/nm = (330, 530, 419, 100), whereas the point in Fig-
ure 6.8(C) corresponds to x/nm = (320, 524, 400, 96). We continued to run the
derivative-free optimization solver for another 10 iterations without any further im-
provement.
We believe that it is unlikely that we can discover a configuration with a significantly
better FOM. The initial coordinate search implies that we have already covered
much of the design space. The optimization routine is used to homein on the most
promising region, and it seems unlikely that other far-away points can improve the
design. We interpret the fact that our local surrogate does not improve the FOM
over 10 consecutive iterations as an indication that the design cannot be improved
locally. We observe that the model does not settle down, because it contains one
positive eigenvalue, which may be an artifact of the quadratic model we have chosen.
To remove this eigenvalue and prove local optimality, we would have to run 34 = 81
FDTD simulations, which is prohibitive. Finally, it is instructive to compare how our
particular plasmonic crystal, involving conformal coating by metal of the nanowell
structure, compares with other possible structures. The plasmonic crystal result
of Figure 6.8(C) was therefore compared to the bulk refractive index sensitivity of
plasmonic crystals with different gold structures but the same physical parameters.
A crystal sample with no gold layer (i.e., just the imprinted polymer) is found to have
a sensitivity of just 265 nm/RIU [Figure 6.9]. This value reflects the contribution
of Fresnel-type reflections to the calculated bulk refractive index sensitivity of our
plasmonic crystal that is only 1.6% of the total calculated sensitivity. A plasmonic
crystal with 96 nm of gold on the top surface and at the bottom of the nanowells - i.e.,
no gold on the sidewalls - has a sensitivity of ∼14 800 nm/RIU [Figure 6.10], showing
that the sidewall gold thickness of our type of plasmonic crystal effectively increases
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Figure 6.9: (A) Schematic diagram of the unit cell used to model a polymer nanowell
array. (B) Plot of the total response of the crystal over all wavelengths as a function of
the change in refractive index of the PEG solutions.
the total sensitivity. A plasmonic crystal with 96 nm on the top surface only yields
a sensitivity of ∼7700 nm/RIU [Figure 6.11], whereas a plasmonic crystal with 96
nm of gold on the bottom of the nanowell only yield a sensitivity of ∼1300 nm/RIU,
which are ∼46% and 7.6% of the calculated maximum sensitivity, respectively. The
effect of the gold disk at the bottom of the nanowell in the sensitivity is smaller
than the effect of the top gold surface and the gold sidewalls as expected. The
calculated result was also compared to the sensitivity of a plasmonic crystal with
subwavelength wells in a 96 nm gold film. A sensitivity of ∼6100, which is ∼37%
smaller than the calculated sensitivity of the optimal structure, was obtained.
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Figure 6.10: (A) Schematic diagram of the unit cell used to model a nanowell array with
a 96nm gold thickness on the top and the bottom of the plasmonic crystal. This type
of plasmonic crystal is designated by quasi-3D plasmonic crystal. (B) Plot of the total
response of the plasmonic crystal over all wavelengths as a function of the change in
refractive index of the PEG solutions.
6.4 Conclusions
We investigated how light transmission through 3D plasmonic crystals is influenced
by the periodicity and diameter of the well structures and various metal layer thick-
nesses. In particular, we focused on optimizing a figure-of-merit (FOM) associated
with the refractive index (RI) sensing capabilities of such systems. Our extensive
finite-difference time-domain (FDTD) calculations revealed strong dependences that
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Figure 6.11: (A) Schematic diagram of the unit cell used to model a nanowell array with a
96nm gold thickness on the top of the plasmonic crystal. (B) Plot of the total response of
the plasmonic crystal over all wavelengths as a function of the change in refractive index
of the PEG solutions.
can be associated with coupling into and out of surface plasmon excitations. In par-
ticular, variation of the metal film thicknesses associated with the nanowell sidewalls
and bottom can lead to very large sensitivities. In some instances, we also provided
experimental confirmation of the predicted trends. Furthermore, we demonstrated
that by carefully optimizing the system parameters, the sensitivity can be enhanced
by an order of magnitude. A number of system features need to be further studied
both experimentally and theoretically in order to achieve even greater sensing capa-
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bilities. These include the role of nanowell shape (e.g., cylindrical vs rectangular),
as well as the consideration of systems with longer wavelength plasmon resonances
that might lead to stronger responses.
While we found reasonable qualitative agreement between our theoretical predic-
tions and experimental results, it is of course desirable to achieve better quantitative
agreement. This can be achieved by introducing imperfections into the theoretical
model as in ref 11 and/or improved experimental fabrication. More precise exper-
imental control of, in particular, the nanowell metal thickness coating will also be
of utility in achieving better sensing capabilities. Future theoretical work will also
be directed toward extending the derivative-free optimization approach [31, 32] and
investigating alternative optimization methods.
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CHAPTER 7
MOLDED PLASMONIC CRYSTALS
FOR SURFACE-ENHANCED RAMAN SCATTERING
This chapter was published as ””Molded Plasmonic Crystals for Detecting and Spa-
tially Imaging Surface Bound Species by Surface-Enhanced Raman Scattering”.
Reprinted with permission from A. J. Baca, T. T. Truong, L. R. Cambrea, J.
M. Montgomery, S. K. Gray, D. Abdula, T. R. Banks, J. Yao, R. G. Nuzzo and J.
A. Rogers, Applied Physics Letters, 94, 243109 (2009). Copyright 2009 American
Institute of Physics.
Molded Plasmonic Crystals for Detecting and Spatially Imaging Surface
Bound Species by Surface-Enhanced Raman Scattering
This report introduces a type of plasmonic crystal that consists of metal coated
nanostructures of relief molded on a polymer film as a substrate for surface-enhanced
Raman scattering (SERS). Such crystals exhibit SERS enhancement factors of ∼
105, over large areas and with sufficiently high levels of uniformity for precise two-
dimensional Raman mapping of surface bound monolayers. The ease of fabrication
together with the high sensitivities and spatial resolution that can be achieved sug-
gests an attractive route to SERS substrates for portable chemical warfare agent
detection, environmental monitors, noninvasive imaging of biomolecules, and other
applications.
7.1 Introduction
Recent advances in nanofabrication and theoretical modeling enable the design
of various plasmonic nanostructures for important applications in biosensing [1],
nanophotonics [2], and metamaterials [3]. The phenomena underlying operation
of these devices are also intimately related to surface-enhanced Raman scattering
(SERS) [4]. The simplest and earliest SERS substrates used roughened metal films
[5]. More recent work exploits deterministic nanostructures composed of metal
nanoparticles and nanowires [6, 7], as well as nanoholes [8] and nanovoids [9] in
metal films, and more complex structures [10], all of which can yield SERS with
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reproducible high levels of sensitivity. For a given metal, areal coverage, unifor-
mity, structural feature sizes and shapes determine the performance and modes of
use. These aspects are all defined by the techniques for fabricating these struc-
tures. Despite previous important work on nanostructures for SERS, there is value
in the development of large area, planar SERS substrates that can be reproducibly
fabricated in cost effective ways, with spatially uniform amplification that can be
engineered for operation at different wavelengths.
Here, we report quasi-three-dimensional plasmonic crystals [1, 11] formed by soft
lithography as SERS substrates. Experimental and computational studies of the
scaling of SERS amplification factors with characteristic geometries of these crystals
reveal key features of the physics. Full, two-dimensional (2D) imaging of patterned
monolayers illustrates a useful operational capability enabled by the high levels of
spatial uniformity that can be achieved. These well controlled, low cost, and easily
fabricated substrates, together with the design rules that determine their operation,
suggest a strong potential for engineered, practical use in various sensing and imag-
ing applications.
7.2 Experimental Section
The plasmonic crystals that served as SERS substrates were formed with a simple,
soft lithographic molding technique [4] to define a pattern of relief in a layer of a
photocurable epoxy (SU8, Microchem Corp.). Blanket evaporation of a thin layer
of Au (∼ 40 nm) on top of this structure completed the fabrication. The substrates
studied here supported sixteen individual 4×4 mm2 patterned regions, each com-
posed of films of Au with square lattices of holes and recessed circular disks of Au
(with some residual Au on portions of the sidewalls of the relief features). The pe-
riodicities (P) ranged from 0.49 to 1.75 µm, with corresponding diameters (D) from
0.17 to 1.12 µm. The depths of the recessed regions were ∼ 360 nm in all cases.
Figure 7.1(a) provides a cross-sectional schematic illustration. Figures 7.1(b) and
7.1(c) present scanning electron micrographs of a representative region and a tilted
view of an individual hole, respectively. Figure 7.1(d) shows an optical image of an
entire substrate.
The SERS spectra were collected with a Nicolet Almega XR dispersive Raman mi-
croscope (Thermo Electron Corp. Madison, WI) using a 785 nm excitation laser. To
evaluate the SERS response, Au coated plasmonic crystal substrates were immersed
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Figure 7.1: (a) Schematic cross-sectional view of a molded plasmonic crystal for use as
a SERS substrate. (b) SEM image of a representative plasmonic nanoarray (D=0.514
µm, P=0.760 µm, and a depth of 0.360 µm. (c) High resolution SEM image of a single
nanohole. (d) Optical image of a completed SERS substrate.
in a 15 mM solution of benzenethiol (BT) (99.99%, Aldrich) diluted in ethanol (200-
proof) for 24 h and then rinsed thoroughly with ethanol.
7.3 Results and Discussions
Figure 7.2(a) shows transmission spectra recorded from two different patterned re-
gions and one unpatterned area. The peak labeled A in the transmission spectra
corresponds to a localized surface plasmon resonance (LSPR) with intensity concen-
trated at the rims of the nanowells [11]. We used three-dimensional finitedifference
time-domain (3D-FDTD) simulations [12] on structures with layouts that match the
experimental systems to predict the expected SERS enhancement factors. Figure
7.2(b) contains a plot of the electric field intensity |E|2 at LSPR condition, for the
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substrate with P=0.760 µm and D=0.514 µm. This result shows the maximum
SERS enhancement and the spatial distribution, which is localized around sections
of the rim of the nanowell features.
Figure 7.2: (a) Transmission spectra of flat Au (top; black) and Au coated nanoholes
with (middle; red) D=0.514 µm; P=0.760 µm and (bottom; green) D=0.689 µm; P=1
µm. Dotted line corresponds to the excitation wavelength. (b) Calculated electric field
intensity at 821 nm for D=0.514 µm, P=0.760 µm.
Figure 7.3(a) shows a set of representative SERS spectra collected from 100-3500
cm−1. The spectra for any given array showed absence of a thiol Raman signature
peak (i.e., -SH band) at around 2500 cm−1, suggesting that only a monolayer of
BT was formed. The results, which reveal the dependence of the response on the
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geometry of the crystal, is in good agreement with previously published results
[8]. We attribute the SERS effect to the well known electromagnetic mechanism,
predominately from the electric field localization around the rims of the nanowells.
Spectra such as these exhibited high levels of spatial uniformity, with standard
deviations of the intensity of the feature at ∼ 1073 cm−1 of <5% for spectra recorded
at different positions across 0.65 mm2 area of the crystal (D=0.514 µm, P=0.760
µm).
The analytical enhancement factor (AEF) (Ref. [13]) is defined as
AEF =
ISERS/CSERS
IRS/CRS
(7.1)
where ISERS and IRS correspond to the Raman signal of a particular vibrational
mode of SERS and that of the ordinary Raman spectra, respectively; CSERS and
CRS correspond to the number of molecules exposed to the optical excitation source
for the SERS and that of the concentration in the bulk solution. Modest enhance-
ments factors from 104 and 105 (for the band at 1073 cm−1) can be achieved on
these unoptimized substrates and are comparable to those obtained from similar
nanostructures fabricated by serial processing techniques [8]. These enhancements
vary in a systematic fashion with the crystal periodicity, diameter, depth, and λexc.
Figure 7.3(b) shows the intensity of the Raman feature at 1073 cm−1 for all six-
teen regions of a single SERS substrate, plotted as a function of D. Structures with
D=0.514 µm (LSPR=826 nm) yielded the highest SERS response, which agrees with
an expectation that the maximum enhancement should occur when the wavelength
of the LSPR (λLSPR) is equal to the average of λexc and the wavelength of the Ra-
man signal (λRS) [6]. This condition corresponds to λLSPR ∼ 821 nm. To yield
additional insights, we plot the transmission at 821 nm in Fig. 7.3(b). The results
show a clear correlation between the strength of the associated plasmonic resonance
and the SERS intensity. 3D-FDTD simulations predict a similar trend, for incident
light 821 nm, (electromagnetic) SERS enhancement factors |E|4max/|E0|4max, where
|E0| and |E| are the magnitudes of the incident and calculated local electric fields,
respectively, at a height 4 nm above the Au film. Figure 7.3(c) shows the computed
response as a function of D. These results are in good accord with experiment,
thereby confirming the underlying mechanisms for enhancement and suggesting a
route to optimization of structure geometries.
These substrates show stable SERS response (stored in air) over a testing period
of ∼150 days. Molded plasmonic crystal sensors can be formed on a variety of sur-
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Figure 7.3: (a) SERS spectra of BT adsorbed onto areas of a molded SERS substrate
composed of square lattices of cylindrical holes with different diameters (d). Blue; D=0.514
µm, red; D=0.689 µm, orange; D=1.06 µm. (b) Transmission intensity at 821 nm and
SERS response as a function of D. (c) Computed electromagnetic SERS enhancement as
a function of D.
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faces, ranging from semiconductor wafers, for possible integration with light sources
or detection electronics, to glass plates or even low cost sheets of plastic. The
highly uniform nature of the crystals enables direct, spatial imaging of SERS sig-
nals. To demonstrate this possibility, we attempted two different strategies for
imaging monolayers of BT. In the first, we photodefined a pattern into the SU8
imprinted plasmonic crystal composed of the letters ”UIUC” (3 µm width; 10 µm
long) and in the second, 1-octadecanethiol (ODT) monolayer was patterned on plas-
monic crystals using microcontact printing (µCP), via a structured PDMS stamp
”inked” with a 2 mM ethanolic solution of ODT which was brought into contact
with the plasmonic crystal. In each case, the patterned samples were immersed in
a 15 mM BT solution for 3 min prior to imaging. Figure 7.4(a) shows an optical
image of the photopatterned UIUC letters, where in this sample only the UIUC
letters contain molded nanowell features, while Fig. 7.4(b) shows an SEM image
of the µCP patterned substrate. The lighter regions in Fig. 7.4(b) correspond to
the ODT printed regions. Figures 7.4(c) and 7.4(d) depict the resulting 2D map of
the Raman intensity at 1073 cm−1, thereby revealing the spatial distribution of the
patterned BT for the samples in Figs. 7.4(a) and 7.4(b), respectively. SERS imag-
ing of pattern molecules based on metal films has been reported [14]. In contrast
to previously published work, these results show good enhancement uniformity over
large areas and short acquisition times (i.e., 1 s).
7.4 Conclusions
In conclusion, we report a simple and easy to use fabrication strategy for SERS sub-
strates that offer highly uniform and reproducible response. The scalability of the
fabrication approach to large areas, its ease of applicability with various substrates,
combined with an ability to engineer the SERS response suggests a promising route
to high performance SERS substrates.
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Figure 7.4: (a) Optical micrograph and (b) SEM image of photodefined and microcon-
tact printed plasmonic crystal substrates. SERS images obtained from photodefined (c)
and microcontact printed (d) BT monolayers. Ligher areas correspond to higher Raman
intensity. Scale bar is 5 µm.
7.5 References
[1] V. Malyarchuk, M. E. Stewart, R. G. Nuzzo, and J. A. Rogers. Spatially
resolved biosensing with a molded plasmonic crystal. Applied Physics Letters,
90(20):203113, 2007.
[2] R. F. Oulton, V. J. Sorger, D. A. Genov, D. F. P. Pile, and X. Zhang. A hybrid
plasmonic waveguide for subwavelength confinement and long-range propaga-
tion. Nature Photonics, 2(8):496–500, August 2008.
[3] J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G. Bartal, and
X. Zhang. Three-dimensional optical metamaterial with a negative refractive
index. Nature, 455(7211):376–379, September 2008.
[4] M. E. Stewart, C. R. Anderton, L. B. Thompson, J. Maria, S. K. Gray, J. A.
120
Rogers, and R. G. Nuzzo. Nanostructured plasmonic sensors. Chemical Re-
views, 108(2):494–521, 2008.
[5] M. Fleischmann, P. J. Hendra, and A. J. McQuillan. Raman spectra of pyridine
adsorbed at a silver electrode. Chemical Physics Letters, 26(2):163 – 166, 1974.
[6] C. L. Haynes and R. P. Van Duyne. Plasmon-sampled surface-enhanced Raman
excitation spectroscopy. The Journal of Physical Chemistry B, 107(30):7426–
7433, 2003.
[7] A. Tao, F. Kim, C. Hess, J. Goldberger, R. He, Y. Sun, Y. Xia, and P. Yang.
Langmuir-Blodgett silver nanowire monolayers for molecular sensing using
surface-enhanced Raman spectroscopy. Nano Letters, 3(9):1229–1233, 2003.
[8] A. G. Brolo, E. Arctander, R. Gordon, B. Leathem, and K. L. Kavanagh.
Nanohole-enhanced Raman scattering. Nano Letters, 4(10):2015–2018, 2004.
[9] J. J. Baumberg, T. A. Kelf, Y. Sugawara, S. Cintra, M. E. Abdelsalam, P. N.
Bartlett, and A. E. Russell. Angle-resolved surface-enhanced Raman scattering
on metallic nanostructured plasmonic crystals. Nano Letters, 5(11):2262–2267,
2005.
[10] H. Ko, S. Singamaneni, and V. V. Tsukruk. Nanostructured surfaces and
assemblies as SERS media. Small, 4(10):1576–1599, 2008.
[11] M. E. Stewart, N. H. Mack, V. Malyarchuk, J. A. N. T. Soares, T.-W. Lee, S. K.
Gray, R. G. Nuzzo, and J. A. Rogers. Quantitative multispectral biosensing
and 1D imaging using quasi-3D plasmonic crystals. Proceedings of the National
Academy of Sciences, 103(46):17143–17148, 2006.
[12] A. Taflove and S. C. Hagness. Computational Electrodynamics: The Finite-
Difference Time-Domain Method. Artech House Publishers, Boston, 3rd edi-
tion, 2005.
[13] E. C. Le Ru, E. Blackie, M. Meyer, and P. G. Etchegoin. Surface enhanced
Raman scattering enhancement factors: A comprehensive study. Journal of
Physical Chemistry C, 111(37):13794–13803, 2007.
[14] X. M. Yang, D. A. Tryk, K. Ajito, K. Hashimoto, and A. Fujishima. Surface-
enhanced Raman scattering imaging of photopatterned self-assembled mono-
layers. Langmuir, 12(23):5525–5527, 1996.
121
CHAPTER 8
RESONANT PLASMONIC CRYSTALS
FOR SURFACE-ENHANCED RAMAN SCATTERING
This chapter presents preliminary results of the study of a resonant plasmonic crystal
that consists of a flat gold mirror coupling with a molded nanohole plasmonic crys-
tal. The resonant configuration gives rise to an increasing SERS enhancement with
the increasing of the thickness of the gold mirror as well as with the decreasing of
the distance of the mirror from the molded nanohole structure. 3D finite-difference
time-domain simulations are used to investigate the optical responses and SERS en-
hancement from the resonant plasmonic crystal. This work is done in collaborations
with Dr. Debashis Chanda, Dr. Matthew Schulmerich, Prof. Rohit Bhargava, Prof.
Ralph G. Nuzzo, and Prof. John A. Rogers.
8.1 Experimental Section
8.1.1 Materials
Unless otherwise specified, reagents were used as received without further purifica-
tion. Poly(dimethylsiloxane) (soft PDMS, or s-PDMS) were prepared form Sylgard
184 elastomer kit (Dow Corning). Components for hard PDMS (h-PDMS) were
obtained from Gelest Inc. [1]. SU-8 photoresits were purchased from MicroChem
Corp. AZ 5214-E photoresist was obtained from Clariant Corp.
8.1.2 Fabrication of Gold Mirrors
In the resonant configuration, a molded plasmonic crystal consisting of arrays of
sub-wavelength nanoholes was placed above a flat gold mirror. For direct compar-
ison between a resonant configuration and a non-resonant one, both configurations
were fabricated on the same substrates. The fabrication process began with spin
casting of AZ 5214-E photoresist on a glass substrate with a spin speed of 3000
rpm for 30 s to make a ∼1.5 µm thick film. Exposing under UV light followed by
developing to remove the exposed regions created rectangular openings (20 mm x
2 mm). Ti/Au (2 nm/15 nm) bilayer was then deposited using an electron-beam
evaporator. The thin layer of Ti acted as an adhesion layer for the gold film on
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glass substrate, while the thickness of the gold layer defined the resonator thickness.
Lifting off the gold coated AZ 5214-E regions with acetone left rectangular mirrors
consisting of Ti/Au bilayer on the glass substrate.
8.1.3 Fabrication of Plasmonic Crystals
Square arrays of sub-wavelength cylindrical nanoholes were molded onto a thin layer
of photocurable epoxy (SU8, MicroChem) by a soft lithographic molding technique
[2, 3]. Blanket deposition of a thin layer of gold (∼50 nm) by electron beam evapora-
tor completed the fabrication process. The substrates consisted of sixteen patterned
regions (4 mm x 4 mm) and half of each region had a resonant mirror of Ti/Au bi-
layer. The SU8 thickness defined the distance between the bottom gold mirror and
the top gold film. Figure 8.1 (a) shows the schematic illustration of the patterns
containing square arrays of nanoholes with diameters (D) from 0.20 to 1.12 µm and
periodicities (P) from 0.49 to 1.68 µm. Figure 8.1 (b) shows an optical image of the
entire substrate and figure 8.1 (c) shows a scanning electron micrograph (SEM) of
a representative region. Figures 8.1 (d) and (e) show a high resolution SEM image
and a tilted SEM image of the structure, respectively showing both top gold film
with square lattices of holes, recessed circular gold disks, and some gold residues
coated on the sidewall of the relief structure.
8.1.4 Transmission Measurements
Optical response from the plasmonic crystals was characterized by collecting normal
incidence transmission spectra (Varian, Cary 5G spectrometer) of the crystals in air.
8.1.5 Surface-Enhanced Raman Scattering Measurements
The SERS spectra were collected with a SENTERRA dispersive Raman microscope
(Bruker Optics) using a 785 nm excitation laser. In order to evaluate the SERS re-
sponse, a monolayer of benzenethiol (BT) was deposited onto the plasmonic crystals
by immersing the crystals in a 15 mM solution of benzenethiol in ethanol overnight
and rinsing thoroughly with ethanol.
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Figure 8.1: (a) Schematic illustration of the structure of a molded plasmonic crystal in
the resonator configuration. (b) Optical image of the completed resonator substrate. (c)
Scanning electron micrograph (SEM) of a representative nanohole array (D = 0.50 µm, P
= 0.74 µm). (d) High resolution SEM of the nanohole. (e) Tilted view of the nanohole.
8.2 Results and Discussion
Figure 8.2 shows transmission spectra of a normal representative plasmonic crystal
(non-resonator) in comparison with plasmonic crystals in the same structural di-
mensions but with the highly parallel resonator geometry (15 nm gold resonators
with distance of 0.5 µm and 10 µm to the top gold film). Due to the interference
between the multiple reflections of light from the highly parallel surfaces in the de-
vice, the spectrum of the plasmonic crystal consists of many sharp resonance peaks.
The distance between those peaks increases with decreasing the distance between
the bottom gold mirror and the top gold film. Peak A for the non-resonator crystal
corresponds to a localized surface plasmon resonance (LSPR) at the rims of the
nanoholes [2, 4]. Finite-difference time-domain (FDTD) calculations are used for
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modeling for both non-resonator and resonator structures. Figures 8.3 (a) and (b)
show the calculated transmission spectra in comparison to the experimental data
for the non-resonator and 15nm resonator crystals, respectively. In order to rela-
tively match with the experimental transmission spectra, a thin ring of gold (with
thickness of ∼15 nm and height of ∼100 nm) is added near the bottom gold disks as
shown in Figure 8.3 (c). The ring of gold corresponds to side-wall non-continuous
coating of gold as showed in Figure 8.1 (e).
Figure 8.2: Normal incidence transmission spectra of plasmonic crystals containing
nanohole arrays (D = 0.50 µm, P=0.74 µm) with no resonator (black), 15 nm resonator
with SU8 thickness of 0.5 µm (red), and 15 nm resonator with SU8 thickness of 10 µm
(blue).
Figure 8.4 shows the distribution of the calculated electromagnetic intensity asso-
ciated with the transmission resonance peaks for non-resonator, 15 nm resonator
and 200 nm resonator crystals. XZ cuts illustrate a field enhancement from the
increasing thickness of the resonator from 15 nm to 200 nm. The enhanced field
is expected to couple with surface plasmon resonance (SPR) from the plasmonic
crystal and creating enhancement in SERS response with the increase of resonator
thickness.
Figure 8.5 (a) shows the representative SERS spectra from non-resonator compared
to 15 nm resonator and 200 nm resonator. The SERS response is confirmed to
increase with the increasing of the thickness of the resonator. Figure 8.5 (b) shows
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Figure 8.3: Experimental and calculated normal incidence transmission spectra of (a)
non-resonator crystal and (b) 15 nm resonator crystals. (c) Model for FDTD calculations.
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Figure 8.4: Electric field distribution in XY cut (top frames) and XZ cut (bottom frames)
for (a) Non-resonator; (b) 15 nm resonator; and (c) 200 nm resonator.
the normalized Raman intensity for 1073 cm−1 band in relation to the thickness
of resonator from 0 to 200 nm (black data). The Raman intensity increases to
its maximum at resonator thickness of about 30 nm and reaches its saturation
region from the resonator thickness of about 50 nm. Investigation of the maximum
electrical intensity at about 10 nm above the resonator layer shows a relatively
similar trend in dependence to the resonator thickness (red data).
The distance between the bottom gold mirror and the top gold film also affects the
SERS enhancement. Figure 8.6 (a) shows the SERS spectra for 15 nm resonators
compared to corresponding non-resonators with two different SU8 thicknesses (0.5
and 10 µm). SERS enhancement increased with the decreasing of the distance
between the two gold films which is resulted from the better interaction between
the field enhancement from the resonator and the SPR on the surface. Figure 8.6 (b)
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Figure 8.5: (a) SERS spectra from benzenethiol adsorbed on plasmonic crystals with
SU8 thickness of 0.5 mm and different thicknesses of the resonator (0 nm (black), 15 nm
(red), and 200 nm (blue). (b) Normalized Raman intensity (black data) and normalized
calculated electromagnetic intensity (red data) in relation with the thicknesses of the
resonator.
shows the normalized Raman intensity from 1073 cm−1 band for 15 nm resonators
(red data) and non-resonators (black data) in the relation with the SU8 thickness
or the distance between the bottom resonator and the top gold film.
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Figure 8.6: (a) SERS spectra from plasmonic crystals with different SU8 thicknesses: 10
µm SU8 nonresonator (blue), 10 µm SU8 15 nm resonator (green), 0.5 µm SU8 nonres-
onator (black), and 0.5 µm SU8 15 nm resonator (red). (b) Normalized Raman spectra
vs. thicknesses of SU8 for non-resonators (black) and 15 nm resonators (red).
129
8.3 References
[1] T. T. Truong, J. Maria, J. Yao, M. E. Stewart, T. W. Lee, S. K. Gray,
R. G. Nuzzo, and J. A. Rogers. Nanopost plasmonic crystals. Nanotechnol-
ogy, 43:434011, 2009.
[2] A. J. Baca, T. T. Truong, L. R. Cambrea, J. M. Montgomery, S. K. Gray,
D. Abdula, T. R. Banks, J. Yao, R. G. Nuzzo, and J. A. Rogers. Molded
plasmonic crystals for detecting and spatially imaging surface bound species
by surface-enhanced Raman scattering. Applied Physics Letters, 94(24):243109,
2009.
[3] V. Malyarchuk, F. Hua, N. Mack, V. Velasquez, J. White, R. Nuzzo, and J. A.
Rogers. High performance plasmonic crystal sensor formed by soft nanoimprint
lithography. Optics Express, 13(15):5669–5675, 2005.
[4] M. E. Stewart, N. H. Mack, V. Malyarchuk, J. A. N. T. Soares, T. W. Lee, S. K.
Gray, R. G. Nuzzo, and J. A. Rogers. Quantitative multispectral biosensing
and 1d imaging using quasi-3d plasmonic crystals. Proceedings of the National
Academy of Sciences, 103(46):17143–17148, 2006.
130
CHAPTER 9
BIO-COMPATIBLE MOLDED PLASMONIC CRYSTALS
BASED ON SILK PROTEIN
This chapter presents preliminary results of the study of a molded bio-compatible
plasmonic crystal based on silk protein. Thin film of silk protein is molded with
plasmonic crystals containing square arrays of sub-wavelength nanoholes. The bio-
compatibility of the silk protein material provides promising applications for plas-
monic sensing in biotechnology. This work is done in collaborations with Dr. Jason
Amsden (Tufts University), Prof. Fiorenzo Omenetto (Tufts University), and Prof.
John A. Rogers.
One of the advantages of the silk protein is its bio-compatible and bio-active prop-
erty. The silk protein film can be easily incorporated with a biological component
such as hemoglobin or an enzyme peroxidase [1, 2]. The new plasmonic crystals
based on silk protein together with remarkable mechanical properties of silk protein
as well as its bio-compatibility and controllable bio-degradation offer great oppor-
tunities for biosensing.
9.1 Experimental Section
9.1.1 Materials
Silk protein aqueous solution (9.3%) was obtained from Bombyx mori cocoons as re-
ported earlier [1, 2]. Poly(dimethylsiloxane) (soft PDMS, or s-PDMS) was prepared
from Sylgard 184 elastomeric kit (Dow Corning Corp.). Hard PDMS (h-PDMS)
components [3] were obtained from Gelest Inc.
9.1.2 Preparation of Silk Protein Based Plasmonic Crystals
The silk protein solution was poured onto an h-PDMS/s-PDMS composite negative
mold of square arrays of sub-wavelength nanoholes (with diameters (D) from 0.20
to 1.12 µm, and periodicities (P) from 0.49 to 1.68 µm). Air-drying the silk solution
in a laminar flow hood for 24 h until all the solvent had evaporated created a solid
silk protein film. The film was then peeled off the PDMS mold. Blanket deposition
of a thin layer of gold (∼50 nm) on top of the silk film using an ebeam-electron
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evaporator completed the fabrication process. Figure 9.1 (a) summarizes the steps
for fabricating the silk protein plasmonic crystals. Figure 9.1 (b) shows an optical
image of the completed device which contains sixteen different patterned areas (4
mm x 4 mm) with different diameters and periodicities. Figure 9.1 (c) shows a
scanning electron micrograph (SEM) of a representative array of nanoholes (D=0.50
µm, P=0.74 µm) and the inset shows a high resolution SEM image of the pattern.
Those images illustrate the capability to fabricate highly uniform plasmonic crystals
from a simple ambient processing of an aqueous silk protein solution.
Figure 9.1: (a) Schematic illustration of the fabrication process for silk protein based
plasmonic crystals. (b) Optical image of the molded silk protein plasmonic crystals. (c)
Scanning electron micrograph (SEM) of a representative square arrays of nanoholes on the
silk protein film (D∼0.50 µm, P∼0.74 µm). The inset shows high resolution SEM image
of an individual nanohole.
9.1.3 Transmission Measurements
Optical properties of the plasmonic crystals based on silk protein were evaluated by
normal incidence transmission spectra in air collected with Cary 5G spectrometer
(Varian).
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9.2 Results and Discussion
Figure 9.2 shows the normal incidence transmission spectrum from a silk protein
plasmonic crystal (D∼0.50 µm, P∼0.74 µm). Similar to the earlier reported spec-
tra from plasmonic crystals on photocurable polyurethane and epoxy with similar
structural dimensions, peak A is associated to the localized surface plasmon reso-
nance (LSPR) at the rims of nanoholes, and peak B is caused by the overlapping
between propagating surface plasmon polaritons (Bloch wave SPPs) and diffracted
light propagating parallel to the gold surface (Wood’s anomaly) [4, 5].
Figure 9.2: Normal incidence transmission spectrum from silk protein plasmonic crystals
(ebeam).
One of the problems with the thin film silk protein device is that the film sometimes
curls up itself and making it difficult to be planarized perfectly for the evaporation
step. One way to reduce the problem is to use a glass substrate as back support.
A thin film of silk protein is spin cast onto the glass slide. Before the film finishes
drying, a PDMS mold is put into contact with the silk film. Heating the system to
60 oC for about 1 h helps the silk protein soften and be molded against the relief
structure of the PDMS mold. Heating can be avoided by adding a small drop of
water to the silk film before contacting with the PDMS mold in order to locally
reduce the glass transition temperature of the silk protein. Figure 9.3 (a) shows an
optical image of the patterned silk protein with glass backing, and Figure 9.3 (b)
shows an atomic force microscopic (AFM) image of a patterned array of nanoholes.
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Figure 9.3: (a) Optical image of a silk protein plasmonic crystal with glass backing. (b)
Atomic force microscopic (AFM) image of a representative region of the crystal.
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CHAPTER 10
CONTROLLING RESIDUE LEVELS FOR POLYMER
WAVEGUIDES WITH REPLICA MOLDING
This chapter presents preliminary results of the study of a molded waveguide us-
ing soft lithography. Single mode and multimode waveguides are molded onto Dow
Corning optical elastomeric materials. Several procedures are studied in order to
control and reduce the residue thickness outside the waveguide structure to mini-
mize the optical loss. This work is done in collaborations with Dr. Hongwei Liao,
Dr. David DeShazer (Dow Corning Corporation), and Prof. John A. Rogers.
10.1 Experimental Section
10.1.1 Materials
SU-8 photoresists were purchased from MicroChem Corp. Optical elastomers OE-
4140 and OE-4141 were obtained from Dow Corning Corp. Poly(dimethylsiloxane)
(PDMS) was prepared from Sylgard 184 elastomeric kit (Dow Corning Corp.).
10.1.2 Fabrication of SU8 Waveguide Masters and PDMS Molds
SU8 masters for single mode and multimode waveguides were defined by photolithog-
raphy ( 5 cm x 6 µm x 6 µm). Casting a mixture of poly(dimethyl siloxane) (PDMS)
against the SU8-master and curing at 65 oC in the oven for 2 hours formed a PDMS
layer with a thickness of 4 mm. Peeling PDMS off the master completed the fabri-
cation of the PDMS mold for replica molding. Figure 10.1 (a) shows the schematic
illustration of the fabrication process for PDMS molds.
10.1.3 Preparations of Cladding substrates
Spin casting of OE4141 (70% in toluene) onto silicon substrate at a speed of 1000rpm
for 30s formed a layer of cladding material ( 20 µm). Soft baking at 110 oC for 10
min, followed by ultraviolet (UV) light (375 nm, 4 mW/cm2) exposure for 10 min
and baking after exposure at 110 oC for 3 h cured the cladding layer and completed
the substrate for replica molding of core material.
136
Figure 10.1: Fabrication of single mode waveguides. (a) Fabrication of PDMS mold. (b)
Replica molding of waveguides. (c) Scanning electron micrographs of the cross section of
a typical device on Si substrate with 23 µm-thick bottom clad, 6 µm-thick core, and 9
µm-thick top clad.
10.1.4 Replica Molding Waveguide Structures onto Core Materials
The replica molding of core material began with placing a few drops of a diluted
solution of core material (OE4140, 10-25%) onto the cladding substrate. Placing
the PDMS mold with backing of a microscopic slide on the core material spread
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the solution over the substrate. A small weight of 300 g was put on top of the
PDMS mold in order to keep the stamp in place in about 2 h. Peeling off the PDMS
mold after UV light exposure (10 min) created the replica structure onto the core
material. Baking the sample after exposure at 110 oC for 10 min followed with
hard bake at 110 oC for 3 h completely cured the core material structure as well
as the underneath cladding substrate. Spin casting (3000 rpm, 30 s) of a solution
of cladding material (OE4141, 70%) created the top cladding layer (∼10 µm). The
top cladding was then cured in the by UV exposure and hard bake as the previous
steps for core material.
Figure 10.1 (b) illustrates the complete fabrication process to make the molded
waveguide structure. Figure 10.1 (c) shows the scanning electron micrograph (SEM)
of a representative complete device.
10.1.5 Solvent-Assisted Micro Molding (SAMIM) for Waveguides
A thin layer of core material (∼5 µm) is spin coated onto the substrate from a
diluted solution of core material (35%) with a spin speed of 3000 rpm for 30 s. The
spin coated film is then soft bake at 110 oC for 1 minute. Before contacting with the
core material film, the PDMS stamp has been wetted with a solvent (toluene). The
solvent at the relief structure would help the film in contact soften and additional
weight applied (∼300 g) would help the stamp emboss onto the film and spread
the excessive material out. This will reduce the residue layer outside the molded
channels.
10.2 Results and Discussion
As shown in Figure 10.1 (c), the waveguide structure fabricated by replica molding
often contains a thin layer of background residue outside the patterned waveguide.
The presence of the background residue of the polymer material has the potential to
ruin the desired optical properties of the device [1–4]. Figure 10.2 (a) shows a cross
section of the refractive index profile from a waveguide structure with a background
thickness of 2 µm. The residue layer can lead to light leaking out of the guide as
shown by the contour map of transverse field profile in Figure 10.2 (b). The residue
level is desired to be less than 500 nm.
The first approach to reduce the residue level is to lower the solid content of the
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Figure 10.2: (a) Simulated model showing the contour map of transverse index profile at
Z=0 from a waveguide with a background residue of 2 µm. (b) Contour map of transverse
field profile.
core material being molded by diluting the original solution (∼70%) with toluene
to 23, 18, 15, 10 %. Figure 10.3 shows the scanning electron micrographs of the
cross-section of the corresponding molded core structure. The corresponding residue
thicknesses are 2.5, 2, 1.2, 0.7 and ∼0 µm. However, at the solid content of 10%, the
structure has bubbles formed along the length of the waveguide as shown in Figure
10.3 (f), indicating that there is not enough solid content to fill the channel while
molding.
The second approach to reduce background residue is to use solvent assisted molding
(SAMIM). Figure 10.4 shows the core structures molded on a Si substrate using
toluene as the assisting solvent. The residue level varies from 261 nm to 877 nm.
One of the reasons making it difficult to control the residue thickness is because of
the swelling of the PDMS mold in toluene. Different solvents that cause less swelling
to PDMS need to be explored in this method such as ethanol or mesitylene.
A new way to reduce the residue level is to add big rectangular structures along
the waveguides which can act as reservoirs to receive excess materials out of the
patterned channels when the PDMS mold is put into contact with the core liquid
material. Figures 10.5 (a) and (b) show the top view optical images of the SU8 mas-
ters for straight waveguides and couplers with the integrated reservoirs in between
the waveguide channels. Figures 10.5 (c) and (d) show the corresponding molded
structure of the core material with almost no background residue. The method of
integrating reservoirs to the waveguide structures shows its capabilities for making
residue free waveguide structures.
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Figure 10.3: Scanning electron micrographs (SEM) of the cross section of the molded core
structure on Si substrates made with variety of solid concentrations of (a) 23%, (b) 18%,
(c) 15%, (d) 12% and (e) 10%. The thickness of the residue layer is 2.5, 2, 1.2, 0.7, and
0 µm, respectively. Frame (f) shows bubbles formed along the edges of the structure,
indicating that the solid content is not enough to fill the pattern while molding.
Figure 10.4: SEM images of core structure on Si made by SAMIM with toluene as the
assisting solvent. The residue level varies from (a) 261 nm, (b) 616 nm, (c) 782 nm, and
(d) 877 nm.
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Figure 10.5: Reducing residue level by integrating reservoirs onto the layout. Frames (a)
and (b) show SU8 masters with reservoirs in case of straight waveguide (a) and couplers
(b). Frames (c) and (d) show cross-sections of the molded straight waveguide and couplers,
respectively.
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